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In this thesis, I present the low-energy physical properties of edge states in nano-graphites. Nanographite is a
new class of mesoscopic systems which is situated between aromatic molecules and bulk graphites. In nanosize
carbon systems, the topology of sp? carbon networks crucially affect their 7 electronic states which govern the
electronic properties near the Fermi level. In this thesis, I emphasize that the presence of edges and their shapes
play an important role in the electronic, magnetic and transport properties of nanographites.

The works presented in this thesis have been done in four years from the summer of 1995 to the summer
of 1999, and partially published in the following publications. Therefore, I did not include the recent advances
concerning the transport properties of nanographite such as double-barrier problem and weak disorder problems.
However, the results presented here are sufficient to recognize the importance of the presence of edges and their
shapes for the low-energy physics of nanographites.
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Chapter 1
From Graphite to Nanographite

In this chapter, I present an overview on various graphite-related materials. The graphite-related materials have
a long scientific, technological and industrial history. The recent discovery of fullerene molecules and carbon
nanotubes has opened the door to new physics of nanometer-sized carbon systems. In these systems, the network
topology of sp? carbon atoms plays crucial roles in their electronic, magnetic and transport properties. Besides
nano-size carbon systems with closed boundaries, I will emphasize the importance of the presence of edges and
their shapes in nano-size carbon systems, based on graphene' ribbon models.

1.1 Nanosize Carbon Systems with Closed Boundary

Carbon-related materials? are surely important from industrial and scientific viewpoints, and we can also say that
carbon materials are the most familiar materials for human being, because they have existed as soot, charcoal,
activated carbon, graphite, diamond and so on. For a long time, many people have studied carbon related
materials in order to improve our daily life, beginning in 18th century. The original purpose of these studies
on carbon-related materials, especially activated carbons, is for the purification and refinement of materials.
It is also owing to the development and improvement of activated carbons that we can now easily obtain safe
and clean drinkable water. The research and development of new types of carbon fibers is carried out in
many companies and universities, because of their technological importance. Carbon fibers/resin composites
have strength-to-weight properties superior to those of any other materials. This property has brought a
revolution in aircraft design. Since this makes it possible to reduce the weight of vehicles, modern civilian and
military aircraft are increasingly using carbon fiber composites in all but their main structural components.
Recently developed carbon fibers show high charge-discharge properties, which are useful for the development
of Li-battery. This aspect has brought us very small and light portable electronic tools. Thus, carbon-related
materials have many functionalities, and are technologically important. However, the microscopic origin of these
various functionalities is still not clear, because these systems have very disordered structures. One assumes
that carbon fibers, activated carbon and so on consist of the ensembles of graphite fragments, where fragment
sizes are ranging from nano-meter up to micro-meter. The variety of functionalities of carbon related materials
might very likely originate from this structural variety.

The structural variety of carbon related materials originates from many possible ways of hybridization of
atomic orbitals of carbon. Carbon is the sixth element of the periodic table and is listed at the top of column
IV. Each carbon atom has six electrons which occupy 1s2, 2s2 and 2p? atomic orbitals. The 1s2-orbital has
two strongly bound electrons. However, the four electrons which occupy 2s?2p? orbitals are weakly bound
electrons. These electrons play an important role in forming covalent bonds in carbon materials. Since the
energy difference between the upper 2p energy levels and the lower 2s level in carbon is small compared with
the binding energy of the chemical bonds, the electronic wave functions for these four electrons can readily mix
with each other, thereby changing the occupation of the 2s and three 2p atomic orbitals so as to enhance the
binding energy of the carbon atom with its neighboring atoms. This mixing of 2s and 2p atomic orbitals is called
hybridization. The mixing of a single 2s electron with n = 1,2, 3 2p electrons is called sp™ hybridization. From

1One layer of graphite is called “graphene”, and the stack of graphenes is called “graphite”.
2 As reviews of this section, see references [1-12].
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Figure 1.1: The development map of carbon nanotube of (a) R = (16,1) and (b) R = (17,1). (¢) The metallic
carbon nanotube with R = (16, 1) can roll up without the misfit of the Kekulé pattern, but (d) semi-conducting
carbon nanotube with R = (17,1) induce the misfit.

the viewpoint of molecular chemistry, we can see this variety of hybridization as the following structural variety
of molecules: sp, sp? and sp> carbons form straight molecules as polyacetylene, planer molecules as benzene
and stereoscopic molecules as methane, respectively. On the other hand, from the viewpoint of crystallography,
the variety of hybridization appears as: sp? and sp® carbons form graphite and diamond. Therefore, carbon
can take various structures because of these possibilities of hybridization of atomic orbitals. Since the other
column IV elements like Si are cannot form sp or sp? like hybridization, this structural variety of carbon is the
significant difference between Carbon and other column IV elements such as Si, Ge.

In many years, it was considered that carbon-related materials consisting of sp? carbon have only planer
structures. However, soccer ball shape molecule Cgg, discovered by H. Kroto and R. Smally in 1985 [13], showed
that sp? carbon can form closed cage structure. In 1990 Kriitschmer and co-workers have developed a new
method to synthesize Cgg clusters in large quantities [14], this experimental success has initiated the research of
fullerene molecules. Successively, rugby ball shape molecule C7g and other fullerene molecules of larger number
of carbon atoms or fullerene molecules having metal elements in their cages have been discovered.

In sp? carbon materials, each sp? carbon atom has three o-bonds which connect neighboring atoms, and has
a single m-electron. The 7-orbital is perpendicular to g-orbitals. Since these m-electrons govern the electronic
states near the Fermi level, the topology of the m-electron network significantly influence the electronic structures
of sp? carbon materials.

A simple and significant example, in which the network topology of sp? carbons plays important roles, is
carbon nanotube system. The carbon nanotubes were discovered by S. Iijima in 1991, and showed that sp?
carbon networks can be rolled up into cylindrical form with nanometer scale diameter and micrometer scale
length [15]. The diameter and helicity of a nanotube are uniquely determined by the chiral vector R = ma+nb =
(m,n), where n and m are integers. In the simple tight-binding approach, a carbon nanotube becomes metallic
when m —n is divisible by three, otherwise semi-conducting [16—18]. This rule can be understood geometrically.
This rule can be illustrated as follows: First we paint one of three sublattice sites in a graphite sheet as shown in
Fig. 1.1 (a) and (b). The cylindrical fullerene tubule can be made by cutting out a strip whose width is specified
by the vector B and by rolling it into a cylinder where |§>| corresponds to the circumference. If we can roll
it without misfit of the decoration (Fig.1.1(c)), the tubule becomes metallic, otherwise insulating (Fig.1.1(d)).
Mathematically it is represented by B= (m,n), the tubule is metallic in the case that m—n is a multiple of 3,
otherwise insulating. Hereafter we call the condition for the circumferential vector T to give a metallic tubule
as “the Kekulé rule”. Recent studies with scanning tunneling microscopy and spectroscopy have confirmed this
interplay between the geometry of sp? carbon and their electronic states [19,20]. Thus the geometry of sp?
carbon networks is substantial in nanoscale carbon systems.

The role of a pentagonal ring in a single graphite sheet is displayed in Fig.1.2(a) where we see around an
apical pentagonal ring a conical surface consisting of hexagons is formed. While if you put a heptagonal ring
in a sheet as well, a saddle-shaped surface appears around it (Fig.1.2(b), which means a surface with negative
curvature is introduced by a heptagon. A polygonal ring except a hexagon can be regarded as a defect on a
graphitic sheet.

Introduction of negative curvature makes it possible to construct topologically more complicated structures
than those of normal fullerenes which are topologically equivalent to a sphere. When we introduce twelve pairs
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Figure 1.2: (a) A five-membered ring and (b) a seven-membered ring in a graphite sheet.

(@) (b)

Figure 1.3: (a) Fullerene torus Csg4, (b) Coiled tubule and (c) graphitic spongy.

of pentagonal and heptagonal rings, we can construct a fullerene torus as shown in Fig. 1.2 (a). If we joint
the units of an unclosed torus one after another, we obtain a coiled fullerene tubule as shown Fig. 1.2 (b).
The coiled fullerene tubule have been already synthesized and their electronic states are intensively examined
now. Based on the theory of periodic minimal surfaces [21,22], the existence of periodic graphite surfaces with
negative curvature were suggested, including heptagonal or octagonal rings in three dimensional space, called
“oraphitic spongy” [23-27]. Based on the simple tight binding model, Fujita and co-workers have found that
some of graphitic spongy systems have a flat band at the Fermi energy all over the Brillouin zone [27]. If we
remind that a graphene sheet is a zero-gap semiconductor whose density of states is zero at the Fermi level, the
appearance of the flat band is a surprising result. 3

Thus, the existence of the polygonal defects in nano-size carbon systems drastically changes the 7 electronic
states. However, we have to be aware of the existence of the other important element which drastically changes
the 7 electronic states in nano-size systems. The element is the “graphite edge”. In next section, I briefly
introduce the effect of graphite edge on 7 electronic states.

1.2 Nanosize Carbon Systems with Open Boundary

1.2.1 Edge states

There are two typical shapes of a graphite edge, called armchair and zigzag. These two edges have 30° degree
difference in their cutting direction(see Figl.4). Here I briefly introduce the fact that the existence of the edges
drastically changes the 7 electronic structures. Especially, a zigzag edge provides the edge localized state, while
an armchair does not show such localized states. We hereafter call this localized state “edge state” 4. The
existence of the edge states was pointed out analytically and numerically by Fujita, Wakabayashi, Nakada and
Kusakabe. The results presented in this section are published in Ref [32].

A simple and useful model to study the edge and size effect is the graphene ribbon models as shown in
Figl.5. We define the width of graphene ribbons as N, by the number of the dimer lines for the armchair
ribbon and by the number of the zigzag lines for the zigzag ribbon, respectively. It is assumed that all dangling
bonds at the edge are terminated by hydrogen atoms, and thus give no contribution to the electronic states
near the Fermi level. We employ a single-orbital tight binding model for the 7 electron network. This model
has been successfully used for the calculation of electronic states of fullerene molecules, carbon nanotubes and

3The appearance of flat bands in the superlattice structures with hexagonal symmetry is discussed by Shima and Aoki, see
reference [28].

4The edge localized states was pointed in the context of large size aromatic molecules which contain hundreds of carbon atoms,
however the origin of the edge states and analytic representation was not clarified there [29-31].
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other carbon-related materials [17,33]. The Hamiltonian is written as,
H= Z tijcl-LCj (1.1)
(i,9)

where the operator cj creates an electron on the site 4, (i,j) denotes the summation over the nearest neighbor

sites. Transfer integrals are set at ¢ between all the nearest neighbor sites for simplicity, because here we aim
to reveal the intrinsic difference in the electronic states originating from the topological nature of each system.

Prior to the discussion of the m-electronic states of graphene rib-
bon systems, we shall briefly review the w-band structure of a graphene
sheet [9,33-37]. The band structure of graphene ribbons can be pre-
dicted from that of the graphene sheet, which is a zero-gap semicon-
ductor. In Fig.1.6(a) and (b), it is shown unit cells and Brillouin zones
of two dimensional graphite. The vectors, a and b, are usually taken
as unit vectors in Fig.1.6(a). In the 2 — y coordinates shown in the
Fig.1.6(a), real space unit vectors @ and b are expressed as

3a \/ga 3a \/ga
(38) (9w

where a=1.42A is the lattice constant of the graphene sheet. The Figure 1.4: The typical graphite edge,
corresponding unit vectors a* and b* of the reciprocal lattice are given  grmehair and zigzag.

by
2 21 2 2w
*: —_—, b*: —, Y . ].3
“ ( 3a \/§a) <3a &) (5)

Then the 1st BZ has a hexagonal shape as shown in the Figl.6, where the corner of this hexagonal 1st BZ is
called K (or K’) point. We call the two inequivalent sites in a unit cell A and B site, and define the electron
creation operator at A-site [B-site] of a unit cell called a as ¢, (A)[c], (B)]. By the Fourier transformation defined
as

zigzag

armchair

Q) = = Y@ (= AB) (1.4)

the tight binding Hamiltonian of the 2D graphite in the k-space is written as

H =Y ec(B)ex(A) +hec, (1.5)
k
where
. —i(M+4ky\/§“) _i(m_k!f‘/‘;’a)
€ = —t [elkza +e ’ * ) +e : ’ (1.6)
and the summation of k is taken over the 1st BZ. The above equation can be diagonalized as
H=> (g0, 010 + & B, Buo); (1.7)
ko

where eljf is written as

€T €T k
eki = +t,|3+ 2cos <3l<:2a + \/§§ya> + 2cos <3k2a — \/iya> + 2 cos (\/gkya), (1.8)

and this eljf gives the energy dispersion relation of 2D graphite. Here O‘L [(ﬁl)] is an electron creation operator
on €, [(ei)]—band. Since one carbon site has one m-electron on average, only ¢, -band is completely occupied.
Hereafter, we call € [e;] valence [conduction] band.

In Fig.1.6 (c) and (d), the energy dispersion of m-bands in the 1st BZ and the density of states are depicted,
respectively. Let us explain some features of energy-band near three high symmetry points, I'; M, and K in 1st
BZ. Near the I' point, that is, the bottom of the valence band or the top of the conduction band, the energy

dispersion has the quadratic form of k, and k, like free electron energy band in a simple metal. Near the M
points at the middle of a side of the hexagonal BZ, the saddle point of energy dispersion appears where the
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Figure 1.5: The structure of graphene ribbon with (a) armchair edges (b) zigzag edges. The rectangle with the
dashed line is the unit cell.
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Figure 1.6: The unit cells (a) in real space and (b) reciprocal space of graphene sheet. The vectors ¢ and ¢* (
d and d* ) relate to armchair ( zigzag ) ribbons in (a) and (b). (¢) The 7 band structure and (d) the density of
states of graphene sheet. The valence and conduction bands make contact at the degeneracy point K and K’.

effective masses along k, and k, axes have a different sign and the density of states diverges logarithmically.
The absolute value of €(k) is t at M point. Near K point of the corner of hexagonal 1st BZ, the energy dispersion
is linear in the magnitude of wave vector,

e(k) = gm|k|, (1.9)

where the density of states linearly depends on the energy. The Fermi energy is located at the K points and
there is no energy gap at these points, since e(k) vanishes at this point by the hexagonal symmetry. Thus, the
graphene sheet is a zero-gap semi-conductor on this 2D model.

Next we shall consider the 7 electronic structures of graphene ribbon models. We take a rectangular unit
cell, by folding the the BZ into a rectangle, which is half as large as the hexagonal BZ shown in Fig.1.6 (b).
The unit vector ¢ (d) denotes the translational axis of an armchair (zigzag) ribbon, and the shorter (longer)
side of the rectangular BZ is the one-dimensional BZ of armchair (zigzag) ribbons. The global band structure
of graphene ribbons having armchair (zigzag) edges is then predicted by projecting that of 2D graphite onto
the corresponding axis ¢* (d*) using the zone-folding technique. The linear dispersion relations stemming from
the original K point are expected to appear around k = 0 (k = 27/3) for armchair (zigzag) ribbons.

The calculated band structures of armchair ribbons are shown in Figs.1.7 (a)-(c), for three different ribbon
widths, together with the density of states. The wave number k is normalized by the primitive translation vector
of each graphene ribbon, and the energy F is scaled by the transfer integral . The top of the valence band and
the bottom of the conduction band are located at k = 0, as expected. It should be noted that the ribbon width
critically controls whether the system is metallic or semiconducting . As shown in Fig.1.7 (b), the system is
metallic when N = 3M — 1, where M is an integer. This periodicity can be analytically understood by regarding
the system at kK = 0 as a ladder network, described in the later chapter. For the semiconducting ribbons, the
direct gap decreases with increasing ribbon width and tends to zero in the limit of very large N. In Fig.1.7
(d), we show the calculated band structure of an armchair ribbon (N = 30) together with the band structure
of 2D graphite projected onto an armchair axis[Fig.1.7 (e)]. It is seen that the projected band structure of 2D
graphite is almost reproduced by that of a wide armchair ribbon.

For zigzag ribbons, however, a remarkable new feature arises in the band structure, as shown in Figs.1.8
(a)-(c). We see that the highest valence band and lowest conduction band are always degenerate at k = ,



6 CHAPTER 1. FROM GRAPHITE TO NANOGRAPHITE

Figure 1.7: Energy band structure E(k) and density of states D(E) of armchair ribbons of various widths [(a)
N=4, (b) 5 and (c) 6 ], (d) calculated band structure of an armchair ribbon of N = 30 and (e) expected band
structure for

@ (b) (©

Figure 1.8: Energy band structure E(k) and density of states D(E) of zigzag ribbons of various widths [(a)
N=4, (b) 5 and (c) 6 ], (d) calculated band structure of an zigzag ribbon of N = 30 and (e) expected band
structure for
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m=0 m=1 m=2

Figure 1.9: Schematic figures of the real part of analytic solutions for the Edge State in a semi-infinite graphite,
when (a)k=m, (b)87/9, (c)77/9 and (d)27/3. (e) An analytic form of the edge state for a semi-infinite graphene
sheet with a zigzag edge, which is emphasized by bold lines. Each carbon site is specified by a location index
n on the zigzag chain and by a chain order index m from the edge. The magnitude of the charge density at
each site, such as z, y and z, is obtained analytically (see text). The radius of each circle is proportional to the
charge density on each site, and the drawing is made for k = 77 /9.

though the degeneracy is expected to appear at k = 27/3 on the basis of the projected band structure of 2D
graphite. We find that the degeneracy of the center bands at k = m does not originate from the intrinsic band
structure of 2D graphite, and the corresponding wave functions are completely localized on the edge sites. These
two special center bands get flatter with increasing ribbon width. We show the band structure for the zigzag
ribbon (N = 30) together with the projected band structure of 2D graphite in Figs.1.8 (d) and (e). A pair of
almost flat bands appears within the region of 27/3 < k < 7 where the bands sit in the vicinity of the Fermi
level. No such flat band is expected for the projected band structure of 2D graphite. As seen in Fig. 1.8(d) the
second lowest conduction band shows a dip near k = 27/3, where the highest valence band below the center
bands shows a rise, approaching closer to each other as IV increases, thereby the electronic state around the
original K point in 2D graphite.

The electronic state in the almost flat bands of the zigzag ribbons is found to be characterized as the localized
state near the zigzag edge by examining the charge density distribution [26,38]. Here we show that the puzzle
for the emergence of the edge state can be solved by considering a semi-infinite graphene sheet with a zigzag
edge. The analytic form of the wave function is depicted in Fig.1.9. Previous to show the analytic form, we
depict the real part of the wave function in the flat band states for some wave numbers in Fig.1.9, where the
amplitude is proportional to the radius, and the shading denotes the sign. The wave function has values on
one of the sublattices which includes the edge sites. It is completely localized at the edge site when k=, and
starts to gradually penetrate into the inner sites as k deviates from 7 reaching the extend state at k=2m/3.

Considering the translational symmetry, we can start constructing the analytic solution for the edge state by
letting the Bloch components of the linear combination of atomic orbitals (LCAO) wavefunction be ..., elk(n=1)
elhn eik(nt1)  on successive edge sites, where n denotes a site location on the edge. Then the mathematical
condition necessary for the wave function to be exact for £ = 0 is that the total sum of the components of
the complex wave function over the nearest-neighbor sites should vanish. In Fig.1.9, the above condition is
k(1) eibn 4 g — 0, ¢F7 4 ¢R(=1) 4y — 0 and  + y 4+ z = 0. Therefore, the wave function components
x, y and z are found to be [—2cos(k/2)]e*(*T1/2) [—2cos(k/2)]eF("=1/2) [~2cos(k/2)]2e!*", respectively. We
can thus see that the charge density is proportional to [2cos(k/2)]2(™~1 at each non-nodal site of the m-th
zigzag chain from the edge. Then the convergence condition of | — 2 cos(k/2)| < 1 is required, for otherwise the
wave function would diverge in a semi-infinite graphene sheet. This convergence condition defines the region
27 /3 < |k| < w where the flat band appears.

Thus the appearance of the partly flat bands is due to the edge localized states. The edge states survive
for the more generic edges which are the mixture of armchair and zigzag [39]. The reason why the edge states
strongly tend to survive is discussed in the chapter 2 with the continuum approach.

1.2.2 Nanographites

The appearance of the edge states makes a sharp peak around E = 0 of the density of states, while the graphene
sheet and aromatic molecules do not show such a peak in their density of states. This facts implies that the
nanosize carbon systems with open boundaries might have quite different electronic states from the aromatic
molecules and bulk graphites. Consequently, we expect that magnetic and transport properties also are quite



8 CHAPTER 1. FROM GRAPHITE TO NANOGRAPHITE

Figure 1.10: A proposed structure model of activated carbon fibers (Ref. [42]).

different from the aromatic molecules and bulk graphites. From now on, we call the group of the nanosize

carbon systems with open boundaries “nanographite”, as a new class of carbon systems®.

1.3 Nanographite Systems

In this section, I briefly review recent advances of nanosize carbon-related materials. I especially focus on
activated carbon fiber and graphitized nano-diamonds, which are considered as a assembly of nano-graphites.
Activated carbons and carbon fibers are industrially important and scientifically interesting materials. These
materials are used in many daily industrial products, for instance, a water-purifying device for home use and
deodorants used in refrigerators. There are many kinds of carbons which are classified by the production
processes, i.e. Carbon blacks, evaporated carbon films, anthracite carbon powders, glassy carbons, activated
carbons, carbon fibers and activated carbon fibers. In general, it is considered that these materials consist of
an assembly of many micro- and nano-graphite fragments which are composed of disordered stacks of three or
four graphene sheets with a size ranging from nm up to um order.

1.3.1 Activated Carbon Fibers

Activated carbon fibers (ACF) developed by Osaka Gas Chemical Co., Ltd. are microporous carbon systems
which have enormous specific surface areas (SSA) ranging from 700 to 3000 m?/g. The manufacturing process
called “activation” gives the porous structure to the fibers, resulting in making SSA larger than other porous
materials. Studies with X-ray diffraction, Raman spectra, transmission electron microscope observations and gas
adsorption clarified the porous ACF structure. A total structural model proposed by Kaneko and co-workers is
shown in Fig.1.10. ACFs consist of an assembly of many nanometer-sized graphites which form disordered stacks
of three to four graphene sheets with a dimension of ca. 20x20A2 [42—44]. An assembly of many nano-graphites
form a network structure, resulting in the presence of micropores with the dimension of 10 to 20A. The average
micropore size estimated by the nitrogen adsorption is 0.4, 1.0 and 0.8 nm for ACF1000, ACF2000 and ACF3000
having the SSA of 1000, 2000 and 3000m? /g, respectively. There are dangling bonds and functional groups at
the peripheries of nano-pores, which give localized spins. The pore structure is the origin of the enormous
specific surface areas, which provides huge amount of gaseous materials [45]. Interestingly, the magnitude of
SSA of 3000m?/g exceeds the theoretical upper limit of SSA, which is 2630m? /g interpreted for a single layer
of adsorbed molecules covering both surface of a single layer [42].

The electrical conductivities of ACFs show semi-conducting behavior, while bulk graphites show semi-
metallic conducting behavior [46-48]. This feature is modified by heat-treatment, particularly, in the tem-
perature range above 800°C; that is, the heat treatment around 800°C starts stripping functional groups off
from the marginal regions of nano-graphites, making contact more enhanced between nano-graphite domains
without an increase in the mean in-plane size. Further heat-treatment at higher temperatures increases the
in-plane size and it regularizes the structure of the nano-graphite network. This brings about the development
of percolation paths for electron transport between domains, resulting in the occurrence of an insulator-to-metal
transition around the heat treatment temperature of 1200-1300°C.

The heat-treatment also changes the magnetic properties. ACF's show qualitatively different magnetic prop-
erties from bulk graphites which show large diamagnetic susceptibility [49-53]. In Fig.1.11, the temperature
dependence of the magnetic susceptibility x for HTT800-1500 is shown. It is considered that the contamination
by magnetic impurities can be excluded in the ACF samples. For the HTT<1100°C samples (L-HTT ACFs), x

5Recently, it is also discussed the extention of the edge states to the 3-dimensional netoworks, called “hypergraphite”, where
the peculiar electronic properties are expected [40,41]. The names “nanographite” and “hypergraphite” were proposed by late
Mitsutaka Fujita.



1.3. NANOGRAPHITE SYSTEMS 9

obeys the Curie-Weiss law with negative Weiss temperatures ~ 2—3K in the whole temperature range, revealing
the presence of weakly antiferromagnetic interactions. The antiferromagnetic interactions are also confirmed
by the non-linear field dependence of the magnetization curves. The localized spin concentration is estimated
at about 1 spin per graphene fraction for as-prepared ACF. Heat-treatment reduces the spin concentration
monotonically, approaching 0.5 spin per concentration in the heat-treatment process below 1600°C, which sug-
gests the absence of a serious change in the spin concentration in the heat-treatment process below 1600°C.
In any case, the experimental finding proves that each graphene fraction has about 1 spin irrespective of the
heat-treatment temperature. The fact that each graphene fraction has about 1 spin, therefore, reveals that
the observed antiferromagnetic interaction is characterized as inter-nano-graphite-domain interaction having
a long range feature. Further, an interesting point is observed around the threshold of the percolation-type
metal-insulator transition. The magnetic susceptibility indicates an anomalous behaviors at low temperatures
as shown in the inset of Fig.1.11. Namely, it takes a cusp around 4-7K, which has a large field cooling effect
in the vicinity of the cusp. The magnetization curves at low temperatures is subjected to a random distribu-
tion in the strength of antiferromagnetic interactions. Accordingly, the characteristic features of the cusp-like
susceptibility demonstrates the occurrence of a spin glass state in the randomly networked nano-graphite spin
systems [51,52].

1.3.2 Graphitized Nano-diamonds

In connection with carbon-based nanoparticles, it is well-known that nanosized-diamond particles, prepared by
explosion-induced high-pressure techniques, have a regular atomic arrangement of a diamond structure with
sized of ~ 5 nm. According to X-ray diffractions, transmission electron microscope observation and Raman
spectra, heat-treatment at 900°C converts only the surfaces of the particles into graphite. The higher heat-
treatment temperature increases the fraction of graphite, and eventually, the particles are completely converted
to graphite over HT'T 1600°C, where they form polyhedra with hollows in their inside, whose facets consist of 3-6
planar graphene sheets with an in-plane size of 7-8 nm and an intersheet distance of 0.353 nm. This intersheet
distance is larger than that of bulk graphite ( 0.3354 nm ), resulting in a large reduction in the strength of
interlayer interaction, thereby, the nano-graphite are considered to be an assembly of non-interacting nano-
graphene sheets.

Figure 1.12 shows the temperature dependence of the magnetic susceptibility for the nano-graphite sample
prepared by the heat-treatment at 1600°C, where the observed susceptibility is analyzed in terms of the contri-
butions of the Curie paramagnetism, Pauli paramagnetism, orbital diamagnetism and core diamagnetism [55].
The orbital diamagnetic susceptibility of 7w electrons x,-», which has a weak temperature dependence, was
analyzed in terms of the Kotosonov equation. The observed values give an estimate of the Fermi energy of
Er ~ 0.10eV in addition to the presence of disorder-induced energy level broadening. The Curie paramag-
netism is explained with presence of defects. Interestingly, the Pauli paramagnetic susceptibility is one to two
orders of magnitudes larger than that for bulk graphite. This proves the presence of an additional contribution
to the density of states around the Fermi energy superimposed with the conduction w-band. This observed
enhancement of the density of states at the Fermi level can be explained by the contribution of the edge states.
The connection between this magnetic behavior and the edge states will be discussed in Chapter 3.
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Figure 1.11: Temperature dependence of the magnetic susceptibility y for the ACFs heat-treated up to 1500°C.
The inset is the detailed behavior at low temperature (Ref. [52]).
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Figure 1.12: Temperature dependence of the magnetic susceptibility y for the ACFs heat-treated up to 1500°C.
The inset is the detailed behavior at low temperature (Ref. [55]).

1.3.3 Technological application of nano-graphites

Recent incredible down-sizing of mobile electronic equipments such as handy-phone, video-camera and laptop-
computer increases the demand for smaller, lighter and long-lasting re-chargeable secondary batteries. Nowa-
days, primary cells with Lithium metal anodes have attracted much industrial and technological attention as a
high-energy density, high-voltage and low-self-discharge rate secondary battery. Li ions electrochemically can
be stored into the interlayers of graphites, resulting in forming a stage compounds called graphite intercalation
compound (GIC). Since this storage process is reversible, graphite can be used instead of metallic Li as the
negative electrode in Li secondary batteries [56-59]. LiCg is a first stage GIC and the compound with greatest
concentration of intercalated-atoms, where Li ions form a V3 x /3 structure on a honeycomb lattice. However,
in the small graphite clusters that are pryrolytically synthesized from hydrocarbons, such as poly-paraphenylene
(PPP) and phenol-formaldehyde (polyacene semiconductors, PAS), the graphite cluster can accept three times
as many Li ions (LiCy) [60]. This fact offers promise for enhanced battery performance relative to the graphite
host material.

Recently Saito and co-workers have pointed out that the mechanism of the excess acceptance of Li ions can
be connected to the existence unoccupied non-bonding edge state near the Fermi levels [61,62]. When Li ions
are near the zigzag edges, the charge transfer will occur from Li ions to the edge states, because the unoccupied
non-bonding edge states of the zigzag edges are near the Fermi energy, which have a lower energy than the 2s
states of a Li atom. Significant insight into the Li-C binding mechanism has been obtained by looking for the
most active sites for lithium binding on to a graphene cluster, calculating the amount of charge transfer between
the carbon cluster and the lithium ions and determining the stability of various edge sites in comparison to the
bulk sites. Since the disordered carbons are normally prepared from organic hydrogen-containing precursors
(such as polyparaphenylene), the stability of Li binding sites in the absence and presence of hydrogen has been
considered. Figure 1.13 (a) shows a Cgg graphene cluster to which a single Li (shaded) is attached. This figure
shows the optimal distances for the lithium atom from the surrounding carbon atoms at the edges for this
particular binding site in the figure. Also given in the figure are the magnitudes and signs of the charge on the
various neighboring sites. The charge transfer from the Li ion to the graphene cluster is located at the edge
region. However, the ionicities of the two nearest-neighbor carbon atoms are almost zero. When the dangling
bonds on the cluster are terminated by hydrogen atoms, different sites are favored for Li as shown in 1.13(b).
For example, weak bonding to an out-of-plane site for Li attachment is found in this case, as shown in Fig.
1.13(b). Similar high-reactivity of graphite edges are also pointed out in the fluorinated-ACFs [63, 64].

1.4 Synthesis of Nanographite Ribbons

In the previous section, we have seen that nanographites have quite different 7 electronic states from those of
both aromatic molecules and a graphite sheet, and their edge shapes also crucially affect their electronic states
and chemical reactivity. We have already pointed out some example systems consisting of nanographites, i.e.
activated carbon fibers, nanographites derived from nanodiamonds and defective carbon nanotubes. However,
the size and shapes of these systems are rather difficult to control experimentally. Here we introduce two recent
experimental efforts in this direction. One is the direct manipulation and fabrication of graphites by using
scanning tunneling microscopes ( STM ), the other is the manufacturing of nano sized ribbon shaped graphites
on a metal substrate by using a growth techniques of mono-layered graphite.

Hiura and co-workers proposed the idea of graphene fabrication, graphite origami, with an atomic force
microscope (AFM) or a STM [65,66]. On the way to study the fabrication techniques, they found a folded
graphene ribbons which spontaneously formed on highly oriented pyrolitic graphite (HOPG), as shown in Fig.
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Figure 1.13: (a) An optimized Li geometry in the Cog cluster. A Li ion is covalently bonded with the two
nearest-neighbor carbon atoms. The charge transfer from the Li ion to the graphite cluster is located at the
edge region. (b) An optimized Li geometry in the hydrogen-terminated CgogHay cluster. Lithium binding can
occur even when the edges are terminated by hydrogen atoms(Ref. [61]).
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Figure 1.14: (a) AFM picture of a graphite ribbon folded 4 times on the surface of HOPG (Ref. [65]). (b) STM
image of the surface of HOPG around the region where the electron beams are directly irradiated (Ref. [67]).
(¢) STM image of the surface of HOPG apart from directly irradiated region (Ref. [67]).

1.14(a). Interestingly, the graphite ribbon have dozens of nm width, and this means that ribbon shaped nano-
graphite ribbons is stable in nature. Figurel.14(b) and (c) show STM images of graphite surfaces after the
irradiation of electron beams [67]. The Fig.1.14(b) is the image around the region where the electron beams
directly irradiated. The size of holes gets larger, the hexagonal symmetry of the holes becomes more clear. This
fact indicates that if we cut graphite the zigzag or armchair edges are favored as the graphites rather than the
mixture type edges of zigzag and armchair edges. In Fig.1.14(c), the image in the region apart from directly
irradiated region, we can find some hexagonal holes like a flower. Near the edges of these holes, it is expected
the peculiar electronic states originated from the edge states.

Another formation of nanographites is by means of epitaxial growth on substrates having step edges [69] as
shown in Fig.1.15(a). Depending on the morphology of step edges, e.g., terrace structure of a vicinal surface,
ribbons with well-defined edge properties may be grown. In terms of these experimental trials, production control
of nanographites are still difficult, and production of nanographite ribbons is rather accidental. However, it
is important to notice that there is a difference in the growth properties of zigzag and armchair edges. From
the studies on giant aromatic molecules, it is clear that armchair edges are thermodynamically more stable
than zigzag edges, because the armchair edges do not have extra localized states near the Fermi level. On the
other hand, because the localized states make zigzag edges chemically more reactive than armchair edges, zigzag
edges will be favored rather than armchair edges in growth mechanism. In Fig. 1.15(b), a STM image of grown
graphite on a metal substrate is shown. The large pattern in the image is due to the strong interaction between
the metal substrate and first layer graphene sheet. It is clearly found that a small island of the second layer
graphene is grown. In STM images, the atomic arrangements are not visible, but the periodicity of the atomic
arrangements, so that when we observe graphite network by STM, we will find dual lattice of the graphite
network, trigonal lattice. As shown in Fig. 1.15(b), for armchair (zigzag) edges, zigzag (straight) shape are
observed in STM images. Actually, we can find that, since the second layer has straight, the zigzag edges are
favored in growth experiments. Another group’s experiment also confirmed this fact. Thus, it is considered
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Figure 1.15: (a) The schematic figure of the epitaxial growth of graphene ribbon on metal substrate with
terrace structures. (b) The STM image of the graphite-covered TaC(111) surface. The dark area in the lower
right represents the lower terrace(Ref. [68]). (¢) ARUPS spectra of the nanographene ribbons on the TiC(410)
surface(Ref. [69]).

that the zigzag edges which is rather active than armchair edges are favored in growth mechanism. These facts
also are intriguing for the studies on nanosize carbon systems. In Fig.1.15(c), it is shown the ARUPS spectra of
the monolayer nanographite ribbon on the TiC(410) surface. The emission angle referred to the surface normal
is denoted for each spectrum, and changes along the longer terrace direction. There are a few series of peaks
due to graphite overlayer which are indicated by dashed lines. These peaks shift upwards as emission angle
increases. It is considered that the line of peaks, m(, corresponds to the m band bottom of the graphite, however,
the other, 71, and any other peaks are characteristic of the nanographite ribbon. The important point is that,
in the spectra for the emission angle from 30° to 38°, the intensity of the peaks located just below Er is much
stronger than those for the other emission angles. Since such peaks are not seen in the monolayer graphite on
flat substrate, these peaks can be interpreted as edge states [69, 70].

1.5 The Organization of this Thesis

The purpose of this thesis is to clarify the electronic, magnetic and transport properties in nano-size carbon
systems. In this thesis, we point out that edge states, strongly localized states near zigzag edges, play important
roles in the physical properties of nanosize graphite systems.

In chapter 2, we analyze the 7 electronic states of nanographites based on the graphene ribbon models in
the absence and presence of magnetic field, where it is clarified that the existence of edges and their shapes
crucially affect the 7 electronic states. The zigzag, bearded and cove edges show the non-bonding edge localized
states (edge states), while the armchair edge does not show the edge states. The reason is given by the analogy
with the mechanism of the Andreev bound states in anisotropic superconductor.

In chapter 3, we discuss the magnetic properties of nanographites. Since the edge states give the sharp peak in
the density of states at the Fermi level, the strong paramagnetic response appears at low-temperature. Because
this paramagnetic response is sensitive to the temperature, and shows Curie-like behaviors, the crossover from
the high temperature diamagnetic response to low temperature paramagnetic response occurs in nanographite
systems. The magnetic instability due to electron-electron interactions is also discussed in the chapter 3, where
the peculiar magnetic states are found.

In chapter 4, we study the transport properties in nanographite systems, where we find the new quantum
state called “Flux State”, which is visible as a Kekulé-like current vortex patterns. The junctions or non-
magnetic impurities causes zero-conductance, which can be understood by the interference of two flux states.

In chapter 5, the conclusion and outlooks are presented.



Chapter 2

Electronic States

In this chapter, we analyze the electronic states of graphene ribbons near the Fermi energy in the absence and
presence of magnetic fields based on the tight binding model and the k - p theory. The edge shapes crucially
affect the 7 electronic states of nanographites.

2.1 Tight Binding Model in a Magnetic Field

In this section, we consider the single-orbital tight binding model including a magnetic field. This model was
successfully used in fullerene, carbon nanotube carbon-related systems. The Hamiltonian is written as,

H= Ztijczcj (2.1)
(i.3)

where the operator cj creates an electron on the site 4, (i,j) denotes the summation over the nearest neighbor

sites, and t;; is a transfer (or hopping) integral between the site ¢ and the site j. Throughout this chapter,
the transfer integrals are set to ¢ between all the nearest neighbor sites and otherwise to 0 for a simplicity,
because here we aim at the intrinsic difference in the electronic states originating from the topological nature
of each system. The transfer integral ¢ is used as the unit of the energy, and estimated about 3.03 eV from
experiments. We neglect spin indices for the moment. The magnetic field B perpendicular to the graphite
plane is incorporated in the transfer integral ¢;; by means of the Peierls phase [71,72] defined as

t” — tijeizﬂqﬁi’j, (22)

where ¢; ; is given by the line integral of the vector potential from site 7 to site j,

¢ jdlA 2
@'""_E/i A, (2.3)

ch
The magnetic flux through the area S in units of the flux quantum ¢, = — is
e

1 e
%/dS-B:C—h%dLA:quM. (2.4)

area S

We define the magnitude of the magnetic flux passing through a single hexagon ring of graphene in the unit of
the quantum flux as ¢. Since the single hexagon ring has the area Spex = %cﬂ, where a = 1.42A is the lattice

constant of the graphite, the ¢ is given as
BShex

b0
Here B = |B|, and ¢ = 1 corresponds to 7.9 x 10*T. The cyclotron radius ( magnetic length ), I, is given by

I = \/g. (2.6)

13

b= (2.5)
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Table 2.1: Some example values of the magnetic flux, magnetic field and cyclotron diameter.
Magnetic flux ¢  Magnetic Field B[T] Cyclotron diameter

1/100000 0.78 406.7a
1/10000 7.8 128.6a
1/1000 78 40.7a
1/100 780 12.8a
(b)

1

2

3

N

Figure 2.1: The structure of graphite ribbons with (a) zigzag edges and (b) armchair edges. The rectangle with
the dashed line is the unit cell.

The some example values of the magnetic flux, magnetic field and cyclotron diameter is listed in Table 2.1.

The structure of graphite ribbons with zigzag and armchair edges are shown in Fig. 2.1, where we assume
that all edge sites are terminated by hydrogen atoms. The ribbon width N is defined by the number of zigzag
lines for the zigzag ribbon and by the number of dimer lines for the armchair ribbons. Since a hexagonal lattice
can be divided by two sublattices, we call the A(B)-sublattice on the n-th zigzag or dimer line as nA (nB) site.
We use Landau gauge with A = (0, Bx, 0), where we define the translational invariant direction of each ribbon
as the y-axis, and the x-axis lies perpendicular to y-axis. In this gauge, the unit cell of each ribbon can be taken
as the rectangle shown in Fig. 2.1.

It should be noted that the same number N for both zigzag and armchair ribbons does not give the same
ribbon width, when the ribbons are measured by the same unit of length. Therefore, when we compare physical
quantities of zigzag and armchair ribbons with a same width W, we will use the following definition

%N a—a =W, zigzag ribbons
W = V3 . (2.7)
(N —-1)%a =W, armchair ribbons
where a is the lattice constant.
In ribbon-shaped systems, the ratio between the width of a ribbon and cyclotron diameter effectively char-
acterizes the electronic states of ribbon in a magnetic field. Therefore, we define the ratio between the ribbon
width and the cyclotron diameter as the effective magnetic field B for a convenience, which is given by

B= (V;/)Q, (2.8)

Table 2.2: Some example values of the graphene ribbon width.
N Zigzag ribbon Armchair ribbon
10 14.0a (2.0[nm)) 7.8a (1.1[nml])
20 29.0a (4.1[nm]) 16.5a (2.3[nm])
50  74.0a (10.5[nm]) 42.4a (6.0[nm])
100 149.0a (21.2[nm])  85.7a (12.2[nm)])
200 299.0a (42.5[nm]) 172.3a (24.5[nm])
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Figure 2.2: (a) The transformation from hexagonal lattice to brick type lattice, which does not change the
lattice topology. The Peierls phase for Landau gauge on (b) zigzag ribbons and (c¢) armchair ribbons.

where d = 2I. Depending on the strength of the effective magnetic field B, we classify the system into three
regions. First in the case of B < 1 since the cyclotron diameter is larger than the ribbon width the cyclotron
motion of electrons is disturbed, where the Landau levels are not formed. We call this region “weak magnetic
field region”. Secondly in the case of B > 1, since the cyclotron diameter becomes smaller than the ribbon
width the cyclotron motion of electrons is not disturbed except in the vicinity of ribbon edges, and the Landau
levels appears. We call this region “strong magnetic field region”. Finally in the case of B > 1, where the
cyclotron diameter is much smaller than the ribbon width and becomes the order of the lattice constant. In
this situation, the topology of the lattice becomes important. We call this region “very strong magnetic field
region”.

2.1.1 Harper’s equation

Let us adapt the Eq.(2.1) to the graphite lattice and derive the so called Harper equations [73,74]. In order
to apply Eq.(2.1) to the graphite lattice and simplify the formulation, we introduce the lattice transformation
as shown in Fig. 2.2 (a), which does not change the lattice topology. For convenience we adopt this brick-type
lattice structure for labeling purpose.

The Peierls phase for the graphite ribbons is easily calculated from Eq.(2.3). The Peierls phase of graphite
ribbons with (b) zigzag and (c) armchair ribbons is shown in Fig. 2.2. For both cases, the Peierls phase is
given by ¢,,B.na = %mq{)(Smn and otherwise zero, where ¢ is the magnetic flux through a plaquette in units of a
quantum flux.

Now, let us derive Harper’s equation, which possess the translational symmetry along the zigzag axis. In
order to apply Eq.(2.1) to zigzag ribbons, we define a new operator, ¢, (i), which create an electron on the site
i in the unit cell . The momentum representation of this operator in the y-direction is defined by

. 1 ikr .
Cca(t) = — e eyk(e), 2.9
a(i) sz; Vi (2) (2.9)
where 7, represents the position of the unit cell a. Here we also define a one-particle state

[2(R) = [ma )y (mA) + Coun(k)y) (mB)] [0). (2.10)

m

Inserting this one-particle state into Schrodinger equation H|¥) = €|¥), we can easily obtain the following four
eigenvalue equations for the sites mB, mA and (m+1)A,

Vg = l:[l(TI’L-i-l)A + ei27r%¢\Iij + eii27r%¢\I/mAa
eVma = \P(mfl)B + ei2ﬂ-%¢\1}mB + e_i2ﬂ%¢\ymB7 (211)
Wimina = Vop +?TE0W g+ PTEO0, ).

Eliminating the A-sublattice sites, we obtain the difference equation,
AU, (ky) = amWmt1(ky) + 0 Ui (ky) + am—1%m—1(ky), (2.12)

where A = €2 — 3, an(ky) = QCOS(% + mne), by (ky) = 2cos(ky + 2mm¢), and V,,g5 was replaced by ¥,,.
Therefore, for a rational flux ¢ = p/q (p and ¢ being mutually prime integers), our problem was reduced to
a one-dimensional tight binding model with a superlattice potential of period 2¢. Note that this equation
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does not include any boundary conditions yet. It can be applied to both graphene ribbons and sheets by
imposing the appropriate boundary conditions. In the following calculations, the factor mm¢ will be replaced
by (T_ —m+ 1) m¢ to keep the energy band symmetry about k& = 0 for arbitrary magnetic flux. This
replacement means that the origin of the x-axis is set to the center of the ribbons.

The spectrum is confined to values of A\ between —6 and 46, i.e. —3 < e < +3. A close inspection shows
that the following translformations do not change the energy spectrum; e — —e and ¢ — ¢ + n ,where n is an
arbitrary integer. For rational flux ¢ = g, am is a function with period 2¢g and b, is a function with period gq.
In addition, we must pay attention to the following symmetry of the energy bands in the Brillouin zone,

; (ky + Q;Tn) — (k). (2.13)

Here we should again note that these arguments do not depend on the boundary conditions.
Similarly, we can also derive the Harper equations which includes the translational symmetry along the
armchair axis. In the same way as Eq.(2.12) the following equation is obtained,

A\IJm(ky) = \IJm+2(ky) + am\I’m+1(ky) + amq’mfl(ky) + ‘I/m72(ky) (2.14)

where A = €2 =3, a(ky) = 2 cos(" + (m—1)mp)e 152, It is easy to confirm that the same symmetry properties
as for Eq.(2.14) apply here too. Similarly, the factor a,, will be replaced by a.,(k,) = 2005(%" + (% —2m +

3)m¢)e” '™ in order to obtain the symmetric energy band structure about k = 0 for arbitrary magnetic flux.

2.1.2 The k- p equation

In the vicinity of the K point of the 1st BZ of graphene sheet, the energy band has a conical structure, i.e.
k-linear dispersion or massless spectrum. Since a graphene sheet is a half-filled system, the Fermi level is at the
center of this spectrum. Thus the massless Dirac equation or so-called k - p equation becomes a powerful tool
to describe the low-energy electronic states of a graphite or graphite-related materials. Here we derive the k - p
equation [37,75-80], and use this for the discussions on the behaviors of electronic states of a graphene sheet in
weak magnetic fields and the electronic states of graphene ribbons near the Fermi energy.

Let us derive the k- p equation. In the following, we use v/3a as unit of length instead of the lattice constant
and the definitition of axis is given in Fig.2.3. We introduce a wave vector k measured from the K point and
consider the set of functions

di(r) = exp(ik - r) Uik (r), (2.15)

with i=A,B. Uak ( Uk ) represents the Bloch function. The wave function near K point can be expanded

=y / dk K)puc(r) = > FX(r)Tik(r), (2.16)

i=A,B i=A,B

where FX(r) is the envelope function defined by

Fi(r) = / ((211{) exp(k - 1)C% (k). (2.17)

Substituting eq.(2.16) into the Schrodinger equation, we obtain the following 2x2 k - p equation near K point:

( ik, N ) ( N ) :E( s ) (2.18)

where k is a wave vector operator defined by

. e
k=-iV+ —A. 2.19
v+ (2.19)

Effects of a magnetic field are included by the vector potential A appearing in the above operator [76,81,82].
Similarly, the k - p Hamiltonian near K’ point is given by

0 Ky + iky FX(r) FK(r)
« R = . 2.20
< ky — ik, 0 ) ( Fi(r) “\ FX(r) (2.20)
It is noted that egs. (2.18) and (2.20) are rewritten in terms of Pauli matrix o = (0,,0,) as
(axz%x + ayz;y) Fx(r) = cFg(r) (2.21)

(aﬁl%w - ayl%y) Fx/(r) = eFk/(r) (2.22)

These equations have the same form as Weyl’s equation for neutrions.
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Figure 2.4: The charge density of the edge state at (a) k =, (b) k = 5, (¢c) k = £ and (d) k = 27, where
the radius of the circle means the magnitude of the charge density.

2.2 Edge States

As we have mentioned in the previous chapter, the band structure of zigzag ribbons has partially flat bands at
the Fermi energy, corresponding to strongly localized states at the zigzag edges (edge states). Here we show
that it is possible to derive the edge state by solving Harper’s equation (2.12), which is useful for the extention
to cases including magnetic fields.

At the beginning, let us rewrite the Eq.(2.12) to the transfer matrix form,

( Y ) _ ( L (Al— bm) g ) ( o > , (2.23)

where by, is b, — 1 for m = 1, N and b,, for others. We take open boundary conditions,

(3)-(3)

and impose the condition € = 0. Then, one obtains,
v, =Dp !, (2.25)

where Dy, is —2cos(%). The convergence condition |Dy| < 1 is required, because otherwise the wave function
would diverge in the semi-infinite graphite sheet. This convergence condition defines the region %w <k<m,
where the partly flat bands exist. The charge density is shown in Fig. 2.4 at (a) k = 7, (b) m, (c) 7 and (d) 27.
At k = m, the charge is perfectly localized at the zigzag edge. When the wave number deviates from k = 7, the
electron gradually penetrates towards the inner sites. Finally, the electron states completely extend at k = %W.

Next, we discuss the DOS of the edge state in the absence of a magnetic field, which will be used in the
calculation of the Pauli susceptibility of zigzag ribbons in the next chapter. As we have seen in this section, the
edge state penetrate to inner sites when the wave number changes from 7 to %ﬂ. If we consider the graphite
ribbons with width N, two edge states which come from both side of edge will overlap with each other and
develop the bonding and anti-bonding configurations. Since the magnitude of the overlap becomes larger when
the wave number approaches %’/T, the band gap between the bonding and anti-bonding state formed by the two
edge states gets larger toward k = %’/T. Therefore the partly flat bands acquire a slight dispersion which depends
on the ribbon width N. In order to calculate the DOS, we first have to derive the energy dispersion for the
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Figure 2.5: The band structure near £ = 0 for (a) N = 10, (b) N = 50. The solid lines represent the bands
calculated in the tight binding model and the solid lines with circles represent the bands are calculated by
Eq.(2.30).

edge states. The energy dispersion is calculated by the overlapping of two edge states. From Eq.(2.25), the
amplitude of the edge state which penetrates from the first zigzag line is given by

U, =Dyt =0y, (2.26)

which is located only on the A-sublattice. On the other hand,the amplitude of the edge state which penetrate
from N zigzag line, is given by

Un_p =Dy ' =Vp, (2.27)

which is located only on the B-sublattice. By using the tight binding Hamiltonian, the overlapping of two edge
states is easily calculated,

(U4|H|Vg) = NDY ™ (=2t — tDy,) = Ty, (2.28)

where Dy, = —2 cos(%). Therefore, the energy spectrum of the edge states in lowest order perturbation in the

overlap is given by the following eigenvalue problem.

O Tk Cl _ Cl
(n 0)(a)-(a) =
By diagonalization of this Hamiltonian matrix, we find the energy spectrum

Ep = —2tNDYN ™! [1 — cos (S)] ) (2.30)

From this equation, around k = 7, the spectrum is given by E ~ k. The energy dispersion of Eq.(2.30) is
compared with the band structures calculated in the tight binding model in Fig.2.5. Therefore, the DOS related
to the edge states has the form,

ok 1

ple) = e TN (2.31)

where o = % — 1. Note that this DOS has a power-law dependence, which is different from the ordinary van

Hove singularity of p ~ ﬁ observed in one-dimensional system. It is also found that the renormalized DOS is
inversely proportional to the ribbon width, which has been confirmed by numerical calculation. [39]

2.3 Energy Gap

In this section, we analytically show that both the direct gap A, at k = 0 of sufficiently wide armchair ribbons
and the direct gap A, at k = %’T of sufficiently wide of zigzag ribbons are inversely proportional to the width

of graphite ribbon W. This result supports that the physical quantities related to the energy gap can be scaled
by the ribbon width W.
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Figure 2.6: (a) The width dependence of the energy gap of armchair ribbons at k¥ = 0 and zigzag ribbons at

k= 27. (b) The plot of AN versus N.

Energy gap of armchair ribbons at £ =0

We examine the energy gap A, at kK = 0 of armchair ribbons. It is easy to find that at £k = 0 the Hamiltonian
can be rewritten as

N T 2
H:—tz [Z(a;#ajﬂ,u + h.c)+ a;,laj’g + h.e|, (2.32)
j=1 Lp=1

which is equivalent to the tight binding model for the 2-leg ladder lattice having N rungs [31,32]. The site indices
(j,1) and (j,2) correspond to the jA(B) and jB(A) sites, respectively, when j is even(odd). The eigenvalues are

evaluated as

et — 9t cos (N”:l) +¢ (n=1,2,...,N), (2.33)
the corresponding eigenfunctions are
1o njm
U, = (F)"" Bsin <N T 1) , (2.34)

where U, is the wavefunction at (j, )-site and B is the normalization factor. The system is metallic only when
N = 3m — 1, because €™ and ¢~ become zero for n = m and 2m, respectively. Note that every third rung has
a zero node in the wavefunction when N = 3m — 1. Thus, A, are given as,

0 N=3m-1
A, = 2 2tcos(3m+ 177) —t N =3m (2.35)
m+1
22 —) — N = 1
tcos(3m+27r) t 3m +

After the elimination of N in terms of W = (N — 3)§ +1/3 and the Taylor expansion under the condition of
1/W <« 1, we can obtain the following results.

0 N = 3M—1
Vs
I T N = 3M (2.36)
™
— N = 3M+1
W -

Thus the A, is inversely proportional to the ribbon width.

Energy gap of zigzag ribbons at k = %71'

Since in the zigzag ribbons two states are degenerate at k = 7, the gap of the zigzag ribbons is always zero and
the system is always metallic. However, as we have seen in the previous section the energy bands have a gap at
k= %77, because the bonding and anti-bonding configuration between two edge states coming from both edges
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Figure 2.7: The energy band structure of graphite sheet
projected to (a) zigzag axis and (b) armchair axis in the
absence of magnetic field.

Figure 2.8: The energy spectrum of the
graphite sheet in a magnetic field.

is developed toward k = %7‘( from k = w. According to the projection of the band structure of a graphene sheet
onto the 1st BZ of zigzag ribbons, the degenerate points of valence and conduction band of a graphene sheet
ties at k = 371' Thus in the limit of mﬁnlte ribbon width the energy gap A, at k = 371' has to be zero. The
Hamiltonian of zigzag ribbons at k = 37r is rewritten as

2N
H=—t Z(aIaH_l + h.c.), (2.37)

i=1
which is equivalent to the tight binding model for the one-dimensional lattice having 2N sites. The site index
i corresponds to iA, if i is an odd number, and to iB ,if i is an even number. The eigenvalues are evaluated

as € = —2t cos ) (n=1,2,...,2N) and the corresponding eigenfunction at the j'" site, ¥;, is evaluated as

2N+1

W, = Bsin (2 N +1> where B is the normalization factor. Therefore, A, is given as,

N
A, =4t —7 . 2.
cos <2N+17T> (2.38)
Taylor expansion under the condition of 1/N <« 1, we can obtain the following results.
1
A~ 3m (2.39)

N 2W+1
Thus the A, is also inversely proportional to the ribbon width.

In Fig.2.6(a), the width dependence of the energy gap is shown for both armchair and zigzag ribbons.
Figure2.6(b) shows the plot of N times the gap A, NA, versus N. The NA becomes constant for values more
than about N = 30 (N = 60) for zigzag (armchair) ribbons.

2.4 Graphene Sheet in a Magnetic Field

In this section, we consider the electronic structures of a graphene sheet in a magnetic field. This will afterwards
become the basis to discuss the electronic structures of graphene ribbons.

2.4.1 Harper’s equation approach

As we have seen in the previous section, the tight binding model of the graphite lattice in a magnetic field
could be reduced to a tight binding model with superlattice potential of period 2¢. In order to calculate the
energy spectrum of the graphene sheet, we must treat the eigenvalue problem of a 2¢ x 2¢ matrix with the
periodic boundary condition Wy, = e*229F,  when the Brillouin zone is reduced to the magnetic Brillouin
zonefz—’zgkmggqand —r <k, <.

At the beginning, we consider the zero-field energy band of the graphite sheet. By setting ¢ = 0 in
Eqgs.(2.12) and (2.14), the zero-field spectrum is easily obtained. From Eq.(2.12), we find for the graphite sheet
with translational symmetry along zigzag axis,

€ = :I:\/3 + 2cos(ky) + 4 cos <k2y) cos(ky). (2.40)
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Figure 2.9: The energy band structure of graphite sheet projected to (a) zigzag axis and (b) armchair axis for

¢ =1/4.

Similarly, from Eq.(2.14), the zero-field spectrum of graphites with translational symmetry along the arm-
chair axis is

€x = i\/?) + 2 cos(2k;) + 4 cos <k;’> cos(kyz). (2.41)

The energy band structures for both Egs.(2.40) and (2.41) are shown in Fig. 2.7, where k, is replaced by
k and we have superposed all k,-values in the spectrum. Of course, same as the case of the projection of the
energy band, the K-point degeneracy of the band structure of the graphite sheet come to at k = %71‘ (k=0) for
zigzag (armchair) ribbons.

The spectrum of the graphite sheet in a magnetic field is shown in Fig. 2.8, which was first calculated by
Rammal [83]. We can easily find that the spectrum has the same fine recursive structure as the famous Hofstadter
butterfly! [84] . In the weak-magnetic field limit, we can clearly see the Landau levels. When the magnetic
flux is getting larger, these levels form the Landau subbands because of the Harper broadening [74,91-93]. As

we pointed out in the previous section, for the rational flux ¢ = %, we can see 2¢ subbands with a reflection

symmetry about € = 0 and about ¢ = % Interestingly, the degeneracy at ¢ = 0 exits for arbitrary flux, which
confirms that the degeneracy at the K and K’ points is not destroyed.

As an example of the energy band structure in a strong magnetic field, we show the case of the graphite
sheet projected to the (a) zigzag axis and (b) armchair axis for ¢ = 1/4 (Fig. 2.9). In a strong magnetic field,
the Landau levels change to 2 x 4 subbands due to Harper broadening and the effect of the lattice structure
gets more important, so that each subband has the basic structure of the zero field case. Furthermore we find

the symmetry e (ky + %”n) =€ (ky).

2.4.2 k- p equation approach

Next let us turn our attention to the electronic states of graphene sheet in a weak magnetic field, following
McClure? [77,80]. In the description of the Harper equation, the weak magnetic field corresponds to very large
g, resulting in it becomes hard to treat because the number of sites in the unit cell becomes quite large. In a such
situation, the k - p equation is a powerful tool, because we can treat the magnetic field within the continuum
approximation.

We start with k - p equation. At the beginning, we introduce the ladder operators

. 1 /. .
Li=— (ko £ik,) 2.42
where | = % is magnetic length. Then, the k - p Hamiltonian is rewritten as

_— 0 V2L /1

1 Although the problem of two-dimensional electrons in a magnetic field is an old one and it shows extremely rich and interesting
behaviors. The energy spectrum for various lattice structures are studied by several authours [85-88]. This problem has been also
studied in the context of the quantized Hall conductance of the two dimension [89,90].

2For the Landau level structure of three-dimensional graphite based on the SW model [37], see reference [94]
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Figure 2.10: The energy bands of a graphene sheet near the K and K’ points in the absence (a) and presence
(b) of a magnetic field.

where upper and lower signs correspond to K and K’ points, respectively. This Hamiltonian leads to the presence
of a Landau level with a vanishing energy eigenvalue. For the Landau gauge (0, Bx), we have

1 0
eop =0, Fx = ——=-exp (ikyy) < ) K — point, (2.44)
VL, ho
eap =0, Fg = L exp (ik y)( fio ) K’ — point (2.45)
op =0, Fx = y - , .
Ly 0

with L, and k, being the system size and the wave vector, respectively, in the y direction. Other Landau levels
are given by

RV 1 1
€2p = i\/ﬁt nt , Fx = exp (1kyy) £hn n=20,1,2,--- K — point, (246)
l A /2Ly hn+1
Vi 1 1
€ap = +V2t n , Fx = ——=exp (ikyy) Hhna n=0,1,2,--- K — point, (2.47)
! VL, hn

where upper and lower signs correspond to conduction and valence bands, respectively, and h,, is the harmonic
oscillator eigenfunctions written as

n 1 2 2 2
b= " | L (“““y) H, (“““y) (2.48)
V' 2mnly/ml 2 ! !

with the Hermite polynomial H,(z). These eigenfunctions have the properties:
LyL_hy, =nhy, Lihp=vn+1hpi1, L_hp=/nhp_1. (2.49)

Figure2.10 shows the energy levels of a graphene sheet near the K and K’ points in the presence and absence
of a magnetic field. An important point here is that the 0-th Landau level always remains at £ = 0. This is
the origin of the large diamagnetic susceptibility of graphite, which will be discussed in the next chapter.

2.5 Graphene Ribbon in Magnetic Field

The energy band structures of graphene ribbons are obtained in terms of the Harper’s equation by imposing open
boundary conditions. In the case of zigzag ribbons with width N, the boundary condition is W11 = ¥g = 0.
However, we need a more careful treatment of Harper’s equation at the edge site. In Egs.(2.12), it was not
considered that there would be no 0A(B) and (N+1)A(B) site. Including this fact, for m = 1 and N, Eq.(2.12)
has to be rewritten as

AUy, (ky) = am Uy (ky) + (b — D)W, (ky) + a1 Uy (). (2.50)
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Figure 2.11: The energy band structures of zigzag ribbon for (a) B =0, (b) B
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for N = 50. The dashed lines in (b) and (f) are the energy band structures at
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Figure 2.12: The energy band structures of armchair ribbon for (a) B = 0, (b) B = 4, (c) B = 16 and (d)
¢ = 1 for N = 10. The energy band structures of armchair ribbon for (e) B =0, (f) B =4, (

=4, (g) B=16 and
(h) ¢ = 1 for N = 50. The dashed lines in (b) and (f) are the energy band structures at B =0 for

comparison.
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Figure 2.13: The scaled energy band structures of zigzag ribbons near k = 27 /3 for (a) B=0,(b)B=4

and (c) B = 16. Bold lines are dispersions of zigzag ribbons. Here k/ means the wave number measured from
k =27 /3. The dotted lines are the corresponding Landau levels of graphene sheet for comparison.
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Figure 2.14: The scaled energy band structures of armchair ribbons near k = 0 for (a) B =0, (b) B = 4 and (c)
B = 16. Bold lines are metallic armchair ribbons (N = 3m — 1) and dashed lines are semiconducting armchair
ribbons (N # 3m — 1). The dotted lines are the corresponding Landau levels of graphene sheet for comparison.

Therefore we must replace by (by) by by — 1 (by — 1) in Eq.(2.12) in order to include the condition that the 0A
and (N+1)A sites do not exist. Similarly, for the armchair ribbons, the boundary condition is ¥ 41 = ¥y =0,
where we must replace by (by) by by — 1 (by — 1) in order to include the condition that the 0A and (N+1)A
sites do not exist.

In Fig.2.11, it is shown that the energy band structures of zigzag ribbon of N = 10 for (a) B =0, (b) B = 4

, (¢) B =16 and (d) ¢ = 1, and the energy band structures of zigzag ribbon N = 50 for (e) B =0, (f) B =4
, (g) B=16 and (h) ¢ = 1. In Fig.2.11 (b) and (f), the dashed lines are the energy band structures at B=0
for comparison. For ¢ = 0, the profile of band structure has almost the same structure as in the case of the
graphene sheet as shown in Fig. 2.7(a). As we have discussed in the previous section, the partly flat bands at
E = 0 originate from the edge states.

In the weak magnetic field region of B = 4, the Landau levels are not perfectly formed and the band
structure at ¢ = 0 is almost unchanged, because the edges interrupt the cyclotron motion of the electron
(Fig. 2.11 (b),(f)). For the strong magnetic field region of B = 16, where the ribbon width is sufficiently wide
compared with the cyclotron radius, the Landau levels are nearly developed (Fig. 2.11 (c),(g)).

As an example for ¢ < N and high commensurates, we show the energy band structure of ¢ = i in Fig. 2.11
(d),(h). The 2 x 4-Landau subbands are formed. Between the Landau subbands, we can see the additional
dispersion. The states of these dispersions are also localized at the edge [95-97], which originate from the
cyclotron motion of electrons. It should be noted that the partly flat bands are formed at £ = 0 again.

Figure 2.12 shows the energy band structures of the armchair ribbon of N =10 for (a) B =0, (b) B=14,

(¢) B=16 and (d) ¢ = 1, and the energy band structures of the armchair ribbon with N = 50 for (e) B = 0,
(f) B=4,(g) B=16 and (h) ¢ = . Similarly, in the weak magnetic field region of B =2, Landau levels are
not perfectly formed and the band structure at ¢ = 0 does not change. For B = 16, where the ribbon width
is sufficiently wide compared with the cyclotron radius, the Landau levels are again almost formed as shown in
Fig. 2.12. For the case of ¢ < N and high-commensurate fluxes, we show the energy band structure of ¢ = i

in Fig. 2.12 (d). We also find that despite the additional dispersion between Landau subbands, no partly flat
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Figure 2.15: Magnetic field dependence of the energy gap of armchair (zigzag) ribbons at k = 0 (k = 27/3).
The energy gaps are normalized by the energy gap, Ag, of B = 0.

bands, as may occur in zigzag ribbons, are present at £ = 0 even in a magnetic field.

Next we show that the band dispersions near E = 0 can be scaled by the ribbon width W for sufficiently wide
ribbons. In Fig.2.13, the scaled band structures are shown, when (a) B = 0, (b) B = 4 and (c) B = 16. Here
the energy and the wave number £’ is scaled by W, and k/ means the wave number measured from k = 27/3. In
the figures, the bold lines are dispersions of zigzag ribbons, and the dotted lines are the corresponding Landau
levels of graphene sheet for comparison. Similarly, the band dispersions of the armchair ribbons can be scaled.
In Fig.2.14, the scaled band structures are shown, when (a) B =0, (b) B = 4 and (c) B = 16. Bold lines are
metallic armchair ribbons (N = 3m — 1) and dashed lines are semiconducting armchair ribbons (N # 3m — 1).
The dotted lines are the corresponding Landau levels of graphene sheet for comparison.

In Fig.2.15(a), it is shown the magnetic field dependence of the energy gap for armchair and zigzag ribbons.
The energy gap of semiconducting armchair ribbons becomes negligible when the effective magnetic field B is
much larger than 2. This condition is same as the case of usual quantum wire. However, we need more strong
magnetic field to collapse the energy gap (at k = 2x/3) of zigzag ribbons. This is due to the bonding and
anti-bonding configuration of two edge states. In the zero-field limit, (1 — A/A) depends on B* for armchair
ribbons, and B2 for zigzag ribbons.

2.5.1 Edge states in a magnetic field

In the case of finite magnetic field, using Eqs.(2.23) and (2.24) under the condition of € = 0, we can derive the
wave function on the n* zigzag line as

U, =1, Dy(i), (2.51)
where
D(i) = { —2cos (& —14N_%i+1 ) Ez i ?; (2.52)

For the rational flux ¢ = %, there is a relation of Dy (i + ¢) = D(i), so that in the case of semi-infinite graphite
Eq.(2.51) might be rewritten as

lI’nq = (Ak)n_17 (253)
where
Ag = T19_, Dy, (i) (2.54)

Thus, the edge states are modified in the presence of a magnetic field. The condition of the convergence of wave
function becomes Ag < 1, which then defines the region of the flat band. Note that Ay has q internal degrees
of freedom. In other words, there are q solutions which give the same value of A;. For example, in the case
of ¢ = %, there are 4 wave numbers which give A = 0, i.e, kK = :f:%ﬂ', ﬂ:iﬂ', the charge density corresponding
to each wave number is depicted in Fig. 2.16. The charge density does not penetrate to the inner sites farther
than up to the (4+1)-th zigzag chain, and there are 4 kinds of localized modes corresponding to the 4 internal
degrees of freedom of Ay. Thus, the edge states in a magnetic field behave as the zero-field edge states with g
internal degrees of freedom.
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Figure 2.16: The charge density of the edge state at (a) k = —%ﬂ, (b) k = —iw, (c) k= %7? and (d) k = %w,
where the radius of the circle denotes the magnitude of the charge density.
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Figure 2.17: (a) The structure of bearded ribbon II. (b) The band structure of a semi-infinite graphene sheet
with a bearded edge. (c¢) The band structure of bearded ribbon for N = 10.

2.6 Bearded Edge and Cove Edge

In this section, we discuss two other important edge shapes having translational symmetry of zigzag axis, called
bearded and cove. Although these two edges look more artificial than the zigzag edge, they are interesting
because they also show the non-bonding edge localized. The analytic representation and their band structures
are briefly presented here.

Bearded edge

A Bearded edge is a zigzag edge attached additional o-bonds. We assume that these o-bonds are terminated by
hydrogen atoms and the onsite energy of these sites is set at zero. The graphene ribbons with two bearded edges
as shown in Fig.2.17(a) was firstly studied by Klein, and he also presented an analytic form of the edge states.
In Fig.2.17(b), the band structure of a semi-infinite graphene sheet with a bearded edge is shown. Interestingly,
a partly flat band appears in the region of |k| < %’T, which is the opposite condition in the semi-infinite graphene
sheet with a zigzag edge. The analytic form of this edge state can be derived in the similar ways described in
the Chapters 1 and 2 for the derivation of the edge state of zigzag edges. If we consider the case of NV is infinite
in the Fig.2.17(a), the analytic solution can be written as,

U5 = (1/Dp)" and T,4 =0, (2.55)

where D = —2cos(k/2). The convergence condition of the wave function, 1/Dj < 1, gives the region of the
edge state as |k| < %’T Since the penetration depth of the edge states get longer toward k = :i:%w, the small
energy gaps appear near k = i%ﬂ‘ in the case of finite width ribbons due to the development of the bonding
and anti-bonding configuration between two edge states.

Next we show the ribbons having zigzag and bearded edge as shown in Fig.2.18(a). Since in this ribbon
[INa— Npg| =1, where N4(Np) means the number of sites belonging to the A(B)-sublattice, there is a flat band
at £ = 0 all over the 1st BZ, as shown in Fig.2.18(b). The analytic solution of this flat band can be easily
understood by the combination of two edge states for zigzag and bearded edges. In the region of |k| < %ﬂ', the
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Figure 2.18: (a) The structure of bearded ribbon I. (b) The band structure of a semi-infinite graphene sheet
with a bearded edge. (c¢) The band structure of bearded ribbon for N = 10.

Figure 2.19: (a) The structure of cove ribbon. (b) The band structure of a semi-infinite graphene sheet with a
bearded edge. (c¢) The band structure of bearded ribbon for N = 10.

electrons localized at the bearded edge, and in the region of |k| > %7‘(, the electrons localized at the zigzag edge.
At k = :l:%w, the electrons are delocalized. It should be noted that this ribbon is insulating because the flat
band does not carry currents and there are energy gaps between the flat band and next subbands. We will use
this ribbon in the Chapter 4 for the study on the electronic transport properties.

Cove edge

Cove edge is a zigzag edge attached additional hexagon rings. The graphene ribbons with two cove edges as
shown in Fig.2.19(a). In Fig.2.19(b), the band structure of a semi-infinite graphene sheet with a cove edge is
shown. This case also provides a partly flat band in the region of |k| < %’r The analytic solution is not simple
such as the cases of zigzag and bearded edges, because the unit cell is the double size of other two ribbons.

The important conclusion in this section is that an edge which are not parallel to an armchair axis provides
edge states. Actually, graphene ribbons with mixed armchair edges and zigzag edges also show the localized
states [39]. Thus it is considered that the edges whose cutting direction not parallel to the armchair axis show
edge localized states. Here we do not consider the effect of odd-membered rings such as pentagon and heptagon,
because they will make the problems more complicated. The reason why an armchair edge does not provide an
edge state will be clarified in the connection with a surface bound state of anisotropic superconductivity in the
last section of this chapter.

2.7 k-p Theory

In this section, we consider how an edge state can be described in the framework of the continuum model such as
k-p approximation. We will find that the appearance of the zero-energy state can be easily confirmed. However
the conditions for the special shapes of edges are not subtle.
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2.7.1 Solutions with the translational symmetry of zigzag axis

Let us consider the generic solutions having the translational invariance to x-axis (zigzag axis, see Fig.2.3),
starting from the k - p equation near the K-point. We take the plane wave form to x-axis written as

FX(r) < e FX(y), (i=A,B) (2.56)

7

then the k « p equation is rewritten as

—e k-9, FX ()
= U. 2.
<k+8y —e )(Fg(y) 0 (2:57)
This simultaneous differential equation has two pairs of solutions.

~eFE(y) +(k-0,)FE(y) =0 (2.58)
(h+0,)FE(y)  —eFX@y) =0 (2.59)

Eliminating F¥(y) by substituting the first equation to the second equation, we can obtain the following
differential equation,

GyFE (y) + (€ = k) Fi (y) = 0. (2.60)
Since this equation has two independent solutions,
eVe Ry and e Ve, (2.61)
FX(y) is written as
FE(y) = CreVe=FY 4 Che VR, (2.62)

From the Eq.(2.58), FX(y) is written as
eFx(y) = O (k — Vk? - e2) VIR 4 Oy (k +Vk2 - e2) e VIR, (2.63)

As a result, we obtain the following pair of solutions,

( F¥(y) ) [ Gk V= @) VT 4 O (k4 VR = @) o VIR
FE(y) C1 ¢ /TR | O, ¢ VIR .

(2.64)

Now let us inspect this solution in the case of € = 0. For k& > 0, the solution can be written as

F¥(y) \ _ [ Ca2ke™*v
( FX(y) ) = 0 , (2.65)
This envelope functions show that the wavefunction is zero on the B-sites and the amplitude on A-sites mono-

tonically decreases, with increasing y. Therefore, this solution represents the wave function of (i) zigzag edge
for y > 0 and (ii) bearded edge for y < 0. Next, For k < 0

() - (e

This couple of envelope function indicates that B-sites are nodes the amplitude on A-sites monotonically increase,
decreasing y. Therefore, this solution becomes the wave function of (i) bearded edge where y > 0 and (ii) zigzag
edge y < 0.

The second pair of solutions can be derived by the following differential equation obtained by eliminating
FE(y),

RFXE(y) + (2 — k) F)(y) = 0. (2.67)

After the similar manipulation, the envelope functions are written as

( FX(y) ) ~ Cy e Ve FY L Oy e o VEFY s)
F(y) Oy (k= VEZ =€) V™R 4 Oy (k+ VET = ) e VR | :
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Figure 2.20: The structure of the zigzag Figure 2.21: The comparison of the energy band structures. The

ribbon. The boundary conditions for bold (diamond) lines represent the band structures based on the
the envelope functions are Fi(£) =0 tight binding model (k-p model) for the zigzag ribbon of (a) N =
and FK(-%) =0. 10 and (b) N = 20.

When € =0 and k& > 0,

< %Egg ) - < 022?%’@ > (2.69)

This indicates that A-sites are nodes and the amplitude on B-sites monotonically increase, decreasing y. There-
fore, this solution becomes the wave function of (i) bearded edge for y > 0 and (ii) zigzag edge for y < 0. For

e=0and k <0,
( %ﬁg; > B ( —012\2|e—|k|y ) (2.70)

This pair of envelope functions indicates that A-sites are nodes the amplitude on B-sites monotonically decrease,
increasing y. Therefore, this solution becomes the wave function of (i) zigzag edge for y > 0 and (ii) bearded
edge for y < 0.

2.7.2 Envelope functions on graphite ribbons
Zigzag ribbons

Let us construct the envelop functions on zigzag ribbons with arbitrary width L. The origin of y-axis is taken
at the center of zigzag ribbons, so that the region of zigzag ribbons is —% <y< % The two-coordinated sites

at y = %(—%) are B(A)-sublattice. When k > 0, we have already seen that zigzag boundary provides an edge

state in the gap region of || < |k|. F§ (FX) has a maximum value at y = £(—%) and decreases toward inner
sites when the wave number k is positive. Therefore, the candidate of a pair of the envelop functions (k > 0)

which satisfy above conditions is

()=o)

Actually, when |e| < |k|, the 1st term decays from y = % toward inner sites and the 2nd term decays from
y = —L toward inner sites. When |e| > |k|, these two terms form standing waves. We should take C; = C5 for
negative energy (bonding states) and C; = —Cy for positive energy (anti-bonding states).

When k is negative, the conditions on envelope functions will be changed. In k < 0 region, zigzag ribbons
can not have the edge localized states. When e[ < |k|, F§ (FX) has minimum value at y = £(—%) and
increases toward inner sites when the wave number k is negative. Thus, we can construct the envelope function

as follows,

()0 )

Afterwards, we have to impose the following boundary conditions on the above envelope functions in order to
derive the relation between energy and wave number,

FX <y = j;) = F¥ (y = §> =0. (2.73)

VER-5) 4 0, ( i \/]fj ) e VTR TR, (2.71)

~VERE-5) | o ( ko \/]fj > eVITRWHE)  (2.72)
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Localized states (|¢| < |k])
When we impose Cy # 0 and Cy # 0, for k > 0, the boundary condition provide the following determinant,

€ (k +n)e "k
dﬁ((k+nk’w ! —0, (2.74)
where n = Vk?% — €2. Therefore,
e==+(k+mn)e "t (2.75)

This equation has solution as € = k, however, in this case the original differential equation has double solutions.
We exclude this solution here. Otherwise, we should note that this equation has one solution in the gap, i.e.,
le| < |k|. This solution is a localized state.

For negative k, the relation between k and € becomes

e =+(k —n)et. (2.76)

It is clear that the solution of this equation is only € = k. Therefore there is no edge state when k < 0.
Extended states (|e| > |k|)
Now we consider the solutions of the extended states, i.e. |e| > |k|. Similarly, the relation between e and k is

e = F(k+ik)e *L = |¢|e? (2.77)
= kcos(kL) + ksin(kL) + i {ff cos(kL) — ksin(l::L)} =&+ (2.78)

where k = V€2 — k2. Therefore, we obtain two equations
E—e=0 and v =0. (2.79)

From v = 0, the condition of the extended states is given by

. k kL
tan(kL) = - = —. 2.
an(kL) Y= Tl (2.80)
This equation can be solved graphically or numerically.
For negative k, the relation between k and € becomes
e = +(k-— il?:)e“;L = |ele® (2.81)
= kcos(kL) + ksin(kL) + i {fl; cos(kL) + k:sin(ifL)} =&+ (2.82)
From v = 0, the condition of the extended states is given by
. k kL
tan(kl) = - = ———. 2.83
an(hL) = § =~ (283)

In Fig.2.21, we show the energy band structure obtained from k - p approximation (diamond), together with
the energy bands from the tight binding model(bold line). The k - p approximation excellently reproduce the
low-energy feature of the energy dispersion.

Envelope functions on bearded ribbons 11

Let us consider the envelope functions on bearded ribbons IT with arbitrary width L (graphene ribbon whose
both edges are bearded edge, see Fig2.17(a)).

For positive k with € < k, the bearded boundary (y = :I:%) provides diverging solutions toward inner sites.
Therefore, the pair of the envelop functions (k > 0) which satisfy above boundary condition is

() -0 s s

On the other hand, for negative k with € < k, the bearded boundary (y = :i:%) provides edge localized solutions
damping toward inner sites, where the sites on B-sublattice are node. The pair of the envelop functions (k < 0)
which satisfy above boundary condition is

K, < o 2 2 - -
( F/%<,<(y) ) o ( k—Vk*—e >e\/e R+ 4 o, (
Fy (y) €

) VE-R+E) L o, ( ko \/]fj ) G a2 (2.84)

. %2(2>eﬁ2“@5X (2.85)
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Figure 2.22: The structure of the bearded rib- Figure 2.23: The structure of the bearded rib-
bon (Type I). The boundary conditions for bon (Type II). The boundary conditions for
the envelope functions are Fi (%) = 0 and the envelope functions are FK(%) = 0 and

F¥(-%)=0. F¥(-5) =0,

These pairs of envelope functions must satisfy the following boundary conditions:

F¥ <y = ;’) = F¥ (y = —j;) =0. (2.86)

Localized states (|e| < |k])
When C; # 0 and Cs # 0 for k£ < 0, the above boundary conditions provide the following determinant,

k—n e" _
det ( el k—n ) =0, (2.87)

where n = Vk? — €2. Therefore,
e==4(k—n)e (2.88)

This equation has solution when ¢ = k, however, in this case the original differential equation has double
solutions. We exclude this solution here. Otherwise, we should note that this equation has one solution when
0 < e < —lk| and |k| < € < 0. This latter solution is the localized states at the bearded boundary.

For positive k, the relation between k and ¢ is

e =%(k +n)et. (2.89)

It is clear that the solution of this equation is only € = k. Therefore there is no localized states when k& > 0.
Extended states (|e| > |k])
For negative k of |e| > |k, the relation between € and k is

e = L(—|k| —ik)e L, (2.90)

where k = V€2 — k2. For positive k, the relation between € and k is

e = +(k—ik)e*L, (2.91)

where k = /€2 — k2. These two equations give the energy dispersion of extended states.

Envelope functions on bearded ribbons |

Now we consider the envelop functions of bearded ribbons of type I with arbitrary width L(see Fig.2.18(a)).
The origin of y-axis is taken at the center of ribbons, so that the region of ribbons is 7% <y< %

For positive k, the zigzag boundary (y = %) provides the localized states damping toward inner sites, and
the sites on A-sublattice are nodal site. However, the bearded boundary (y = —%) provides the wave function
diverging toward inner sites. Therefore, the ansatz for the pair of the envelop functions (k > 0) which satisfy
above boundary condition is

( Fii” (y)

_ ¢ VETR (- k)
F§’><y>) Cl(kwwe?)e +02<

€ g L
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In the condition of |e| < |k|, the 1st term represents the damping wave from y = é toward inner sites, the 2nd
term represents the diverging wave from y = f% toward inner sites. The boundary conditions for the bearded

ribbon-I are
L L

e(1£e™) =0. (2.94)

so that we find

The solution of this equation is € = k or ¢ = 0. The former solution is ignored. The latter one means the
existence of a flat band.

For the negative k, the bearded boundary (y = fé) provides the localized states damping toward inner
sites localized at B sublattice when k is negative. However, the zigzag boundary (y = %) provides the wave
function diverging toward inner sites. The pair of a couple of the envelop functions (k < 0) which satisfy above
boundary condition is

Ff4<7<(y) _ € \/ez—kQ(y—%) € \/62—k2(y+%)
( Fg’<(y) =C, ki & e + Cs o JiZ e e . (2.95)
By imposing the boundary conditions, we again obtain same equation,
e(lxe™) =0. (2.96)

2.8 Connection with Anisotropic Superconductivity

After the discovery of the high temperature superconductor (HTSC), considerable effort of the studies on the
mechanism causing superconductivity has been devoted. Today, a great deal of experimental data gives the
convincing evidence that the pair wavefunction has d,2_,2-wave symmetry rather than s-wave symmetry. This
unconventional pairing symmetry induces much interest physical properties, one of them is the Andreev bound
states at [110]-surface of d,2_,2-wave superconductor, which is observed as a zero-bias conductance peak in
the current-voltage characteristics [98-100]. In this section, we show that the mechanism of the surface bound
states at [110]-surface of d,2_,2-wave superconductor is closely related to the edge states of graphite edges. The
reason why the armchair edge does not have the edge states is clarified.

2.8.1 Bound states at [110]-surface of d,:_,.-wave superconductor

Before we show the mechanism of the surface bound states of [110]-surface of d,2_,2-wave SC, we shall briefly
study some characteristics of d,2_,2-wave pairing symmetry. Let us consider how the electron (or hole) behaves
at the surface of d,2_,2-wave SC. In Fig.2.24(a), the classical trajectories of electrons and holes in the region of
the [100]-surface are shown. The change of the momentum of these trajectories by the reflection at the surface
always connect same signs of the pairing potential. However, at the [110]-surface, as shown in Fig.2.24(b), the
change of the momentum of these trajectories by the reflection at the surface always connect different signs of
the pairing potential, and lead to a phase shift 7. This m-phase shift is the origin of the Andreev bound states
at [110]-surface of dy2_,2-wave SC as we will see in the following.

Following Hu [98], we shall study the origin of the Andreev bound states at [110]-surface of d-wave supercon-
ductor, and we will see how the m-phase shift yields the zero-energy bound states. The elementary excitation
of an inhomogeneous superconductor obey the Bogoliubov-de Gennes (BdG) equations [101]:

entin(X1) = hotn(x1) + / A(s, r)v, (x2)dxa, (2.97)
€nn(X1) = —hovn(x1) + / A(s, 1)u, (x2)dxz, (2.98)

where s = (x1 —x2)/2, r = (x1 + x2)/2, and ho = —h2V31/2m — u. Here p is the chemical potential. These
equations can be simplified for momenta close to the Fermi wavevector kg,

( Z:ég ) - eikw< 5253 ) (2.99)
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Figure 2.24: Schematic view of Andreev reflection in the surface region of d,2_,2-wave superconductor. The
trajectories at the [100]-surface (a) does not connect gap regions of opposite sign, however at the [110]-surface
(b) the trajectories connect gap regions of opposite sign which lead to a phase shift 7 and zero-energy bound
states. Shading means the sign of the pair potential.

defining envelope functions (@, (r), 0, (r)), which obey the following equations, called Andreev equations [102],

entin(x1) = —iE . Vi, (r) + A(kp, r)v,(r), (2.100)
€nUn(x1) = 1250V, (1) + A(kp, r)u,(r). (2.101)

This approximation is called “Andreev approximation”.

Now let us consider the condition for the Andreev bound states. For simplicity, we take the direction
which is perpendicular (parallel) to the surface as x’-axis (y’-axis). We consider that the surface has a normal
metal overlayer of thickness d. For A(k,r) = Ay(k)O(—z'), we can solve these equations similar as in the
k - p approximation.

(i, 05) = €% (i, 0,) for o’ <0 (2.102)
(@;,57) = (7™ i,,e®'5,)  for 2’ >0 (2.103)
where
i=No/D, b= [—i - sgn (ko) /Do — €2 + en} /D (2.104)
with
1/2
D= [z sgn (ko)1 /A2 — €2 — 2 + Az} (2.105)
and

€n = \/ :cO’Y/m + A(% = kkal/m (2106)

Since @ and ¥ depend on the sign of ko directly as well as indirectly via Ag, we label them with another
subscript + or —. Let us take the superposition of these solutions as follows,

< , . , U . ’ U
< u7<1 ) — ekL'rLe’Yw |:Ae_1k“ﬂ < 'lfn-&- ) + Bezkzoz < ’Ifn— ):| for (E/ < 0’ (2107)
Uy Un+ Un—
u’r>L _ eikJ;I‘L Aefik?zozl e*ik1wlﬁn+ + Beik‘zol’/ eiklmlﬁ’nf fOr LE, > O (2 108)
’U; - eiklw/i}nJr e*ikla:,,ﬁni ’ )

where k| = (0, &y, k). The solution must vanish at 2’ = d, resulting in we obtain the following condition:

Aikid _ (?nﬁ-) (?"—> (2.109)
Up+ Up—

For an s-wave superconductor, A(—kzo, ky, k2) = A(kgo, ky, k2), the above equation can be reduced to

: 2 2
dikyd _ n T 1 Af — e

= VO n
€n +1y/A3 — €2

(2.110)
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and for d,2_,2-wave superconductor, A(—kzo, ky, k.) = —A(kz0, ky, k=), the above equation can be reduced to

Qlikid _ _En T iVAf — 6%. (2.111)
€n +iy/A3 — €2

We can find that s-wave case have no zero energy solutions, however d-wave case have zero energy solutions.
Thus the sign-change of the order-parameter gives zero-energy bound states at the surface.

2.8.2 Graphite as an odd-parity superconductor

We start with the tight binding Hamiltonian of a graphene sheet given in the Chapter 1, and derive the BdG-type
equation. The tight binding equation of the graphene sheet in the k-space is written as

0 e Wak \ WAk
(4 3)(3) (%)
X _i(m+M) _i<m_ky\/§“>
= —t [elk’”“—i—e o J4e V20 ] (2.113)

We apply the following transformation to the above Hamiltonian
v, \ 1 1 1 WA
(o)== (5 ) (w) =

1 * _i _ X
( zi(ek'f‘ek*) %(Gk 65) ) ( Yok ) _ 6( Yk ) (2.115)
-3 (Ek - €k) -3 (5k + €k) Uk Uk
In this equation, the diagonal terms formally correspond to the kinetic terms of particle and holes in BdG
equation, and the off-diagonal terms can be considered as the pair-potential of the superconductor. In the

where

leading to

() (b)
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Figure 2.25: Schematic view of Andreev reflection in the surface region of graphite (f-wave superconductor)
surface. The trajectories at the armchair edge (a) does not connect gap regions of opposite sign, however at the
zigzag, beaded and cove edge (b) the trajectories connect gap regions of opposite sign which lead to a phase
shift 7 and zero-energy bound states.

continuum limit, we can rewrite the above equation as follows,

K2 o2
-V — WY Ak v k g k
2m 2 p = P . 2116
< A +2ﬁmv2—u>(\lfhk) €<\Phk> (2.116)

Here p is the chemical potential and Ay represents the pair-potential of the superconductor,
i koo | kyV/3 kra  ky/3
Ay = _% (ex — €&) = sin (kpa) + sin <2a + y{“)] +sin [(2“ - y\{aﬂ . (2.117)
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More simplify, this pair potential can be rewritten as
A = |A] cos(36), (2.118)

close to the Fermi level, where 6 is the angle of the Fermi vector measured from k,-axis. Interestingly, this pair
potential means an odd-parity superconductivity, precisely f-wave superconductivity and deduce the following
results: since the armchair (zigzag) axis corresponds to k, (k,), the trajectories at the armchair edge does not
connect gap regions of opposite sign, however at the zigzag, beaded and cove edge the trajectories connect gap
regions of opposite sign which lead to a phase shift © and zero-energy bound states. Thus, the armchair edge
does not show the edge localized states.

2.9 Summary

In this chapter, we widely discussed the electronic states of nano-graphene ribbons based on the tight binding
model and the continuum models in the absence and presence of external magnetic field. The discussion of this
chapter, which will be the basis of the chapters 3 and 4, is summarized here.

Edge localized states near zigzag edges are analyzed in terms of the Harper’s equation. The approxi-
mate form of energy dispersion of the partly flat bands originating from the edge states is obtained: Ej =
—2tND~? [1— cos (£)] for e < tw/N. The corresponding density of states is p(¢) = +€*, where « = 1/N — 1.

The energy gap of armchair (zigzag) ribbons at k = 0 (k = %ﬂ') is analytically derived. The magnitude

of the energy gap is inversely proportional to the ribbon width. In the weak magnetic field region of B <1,
the energy gap depends on B* (B?) for armchair (zigzag) ribbons. The energy gap becomes zero about B=1
(B = 12) for semiconducting armchair (zigzag) ribbons.

Energy band structures of graphene ribbons are numerically analyzed. In magnetic field region of B < 4
(B < 16) for armchair (zigzag) ribbons, the energy band dispersion can be scaled by the ribbon width in the
low-energy region. It is also confirmed that the partly flat bands originating from the edge states are not be
destroyed by the magnetic field. In the presence of magnetic field, generating a rational fraction of the magnetic
flux (¢ = p/q) in each hexagonal plaquette of the graphite plane, the edge state behaves like a zero-field edge
state with q internal degrees of freedom.

We have adapted the k - p theory to graphene ribbons. The energy dispersion calculated from the tight-
binding model is well reproduced by the k - p theory. However, we have to subtlty take account of the edge
boundary conditions for the k - p Hamiltonian.

We have also discussed the formal analogy between anisotropic superconductor and graphite. In terms
of proper unitary transformation, the tight-binding Hamiltonian of a graphene sheet can be mapped to the
Bogoliubov-de Gennes equation of an odd-parity (precisely f-wave) superconductor. This pairing potential
changes the sign for the zigzag (or bearded, cove) edges, however not for armchair. Therefore, in general, edge
states appear at the edges which are not parallel to the armchair edge.






Chapter 3

Magnetic Properties

In this chapter, the magnetic properties of nanographites are discussed in the absence and presence of the
electron-electron interactions. It is well known that bulk graphite shows a large anisotropic diamagnetic suscep-
tibility, while aromatic molecules have only weak diamagnetism. This fact tells us that the orbital diamagnetic
susceptibility is sensitive to the size of graphite fragments. On the other hand, the sharp peak in the density
of states due to the edge states gives rather strong Pauli paramagnetic response, so that the competition be-
tween these two components occurs in nanographite systems. Since the edge states also give the possibility of
spin polarization at low-temperature due to the electron-electron interaction, we discuss the possibility of the
appearance of localized spins at the edges. The results presented are published in Ref. [103].

3.1 Orbital Diamagnetism and Pauli Paramagnetism

The observed magnetic susceptibility x is the sum of four components: (1) localized spin susceptibility Xspin,
(2) diamagnetic susceptibility due to the core electrons Y ore, (3) Pauli paramagnetic susceptibility xp and (4)
orbital diamagnetic susceptibility x5, due to the cyclotron motion of the itinerant electrons. Since we neglect
electron-electron interaction for the moment, xspin can be neglected. Furthermore, Xcore is unimportant for
us, because it is small and basically temperature independent. On the other hand, the Pauli paramagnetic
susceptibility is related to the DOS at the Fermi level, which represents an important component in zigzag
nanographite ribbons where an enhanced density of states appears at the Fermi level. Note that x p is negligible
in armchair ribbons, aromatic molecules and graphite sheets, because their DOS is suppressed at the Fermi
level. We will see below that since the DOS introduced by the edge states is sharply peaked at the Fermi
energy, x p introduces a very pronounced temperature dependence which is nearly Curie-like. The diamagnetic
contribution to the susceptibility is very familiar from the magnetic properties of graphite sheets. It is due
to the orbital cyclotron motion of the electrons in a field with a finite component perpendicular to the plane.
Naturally, this diamagnetic response is very anisotropic and only weakly temperature dependent. From this we
can conclude that in nanographite ribbons with zigzag edges the susceptibility should consist mainly of these
two competing contributions, xp and X... Hence, a crossover occurs from a high-temperature diamagnetic
to a low-temperature paramagnetic regime, where the characteristic temperature depends on the width of the
ribbon and of the orientation of the external field. It is worth noting that the field direction is an important
tool to distinguish the magnitude of the two components.

3.2 Orbital Magnetization and Susceptibility
In this section, I briefly summarize the calculation method of the orbital diamagnetic susceptibility x5 of

graphene ribbons. We use the the tight binding model presented in the previous chapter for the calculation of
the orbital diamagnetic susceptibility Xor5. The free energy F'(H,T) including the magnetic field is given by,

1
F(H,T) = uN— 7/ dkz In (1 + e—ﬁ(ﬁk,n(H)—H)) (3.1)
BZ

™
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Figure 3.1: (a) Landau levels of graphene sheet near K point (b) Landau levels of 3D metal.

@ AF (b) AF
n=0
n=-1 n=1
n=-2 n=2 n=0 n=1 n=2 n=3 n=4
AL WANAN
UV NJ Y &

Figure 3.2: (a) Oscillation of free energy of graphene sheet as a function of Er. When the Fermi energy is
located at zero, this oscillation has the sharp peak, however (b) the simple 3D metal does not show such sharp
peaks. The existence of this peak is the origin of large diamagnetism in graphites.

where 3 = ,CE%T and g is the chemical potential and e ,,(H) (n is the band index) is the energy spectrum of
the graphite ribbons in the magnetic field calculated based on the tight binding model. Then the magnetic
moment M(H) and the magnetic susceptibility x(H) per site for finite temperature and arbitrary magnetic
field H become

1 8F aEkn
M(H) = “N.3H = dkzeﬁ(ekn T o0 (3.2)
and
o 1oM 1 3 dern | 1 Pexn
X(H) = N, OH New/dk;{ 4cosh?® 22 ( oH ) t e 11 OH? (3:3)

The zero-field magnetic susceptibility xo(7') for finite temperature is given by

occ.

_ 1 Shex 6261671
X(T) = Neﬂ( ) /dkzeﬁm DT ( 5 ) (3.4)

where Spex is the area of a hexagonal ring. V. is the electron number in the system.

3.2.1 Large orbital diamagnetism of graphene sheet

Before we show the results on the graphene ribbons, let us briefly review the large orbital diamagnetism in
graphite. The origin of the large diamagnetism in graphites is due to the appearance of the Landau level at
E = 0. This was first shown by McClure [77]. When the energy dispersion is linear to k near the K or K’
points, the Landau levels E,, in the 1st BZ of the graphene sheet is expressed as,

E, = :l:\/?gtav 2nS (n=0,1,2,---), (3.5)
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Figure 3.3: The ribbon width dependence of the orbital diamagnetic susceptibility .., of graphite ribbons at
T=0.

where 7 is an index of the Landau levels and S is given by
S = eH/he. (3.6)

Each Landau level has a characteristic feature and is very different from the Landau levels of ordinary 3D free
electron gas, as seen in Fig.3.1. It is noted that the zero-th Landau level is always located in the zero gap at the
K point. The zero-th Landau level does not shift by a magnetic field. We can easily show that all the Landau
levels with zero and negative Landau indices which are occupied by the valence electron act to increase the free
energy in a magnetic field and thus the orbital diamagnetism appears. When the Fermi energy is located in
zero energy gap, the oscillation of the free energy, which is known to cause de Haas-van Alphen effect at low
temperatures, has a cusp at Er = 0 and yields large orbital diamagnetism as shown in Fig.3.2(a). In Fig.3.2(b),
we also show the free energy as a function of Er in the case of 3D electron gas. As seen in this figure, there
are no sharp peaks in the oscillation in contrast to the results in Fig.3.2 (a) for graphene. The expression of
orbital susceptibility of graphene sheet at finite temperatures has been derived by McClure [77] based on the
k - p approximation is

xmc = —0.044 <7TCL)3/2 (ta)? (%)2 sech? <2I:3T> x (kgTp) [eum/g], (3.7)

where p is the Fermi energy and p is the density of carbon atoms in the unit volume of graphite. The typical
value of x ¢ for the graphite at room temperature is 21.0x107% emu/g.

3.2.2 Orbital diamagnetism of graphene ribbons

The orbital magnetism is influenced by the system geometry and size. The width dependence of the orbital
susceptibility xorp at T = 0 is shown in Fig. 3.3. Analogous to the graphene sheets, the aromatic molecules or
the carbon nanotubes, the graphite ribbons exhibit diamagnetism. The magnitude of (T = 0) grows linearly
with increasing W in accordance with the fact that y,., of the graphene sheet diverges in the zero-temperature
limit. A remarkable point is the different slope in the W-dependence of y,,, for armchair and zigzag ribbons.
Actually the difference between the susceptibilities of the two types of ribbons increases for larger W. At a
first glance, this result may seem unphysical, because one might attribute the difference to an edge effect which
should diminish for wider ribbons. The origin of this discrepancy, however, is based on topological properties
as we will show shortly. We would like also to mention the aspect that x,., for the armchair ribbons shows
some oscillations as a function of W. This is due to the fact that armchair ribbons are metallic or insulating
depending on W. On the other hand, no oscillations occur for zigzag ribbons, as they are metallic for all .

Ring currents behavior driven by a magnetic field

The difference of the slope in x,-, and M,,, is related to the more microscopic and configurational aspect of
the ribbons. An important point to take into account is the ring current susceptibility in the equilibrium state,
because the magnetic moments and ring currents are related in the following way [104]

M. = %/dS (r x 4). . (3.8)

where 7 is the position and j is the current operator, and the integral f dS runs over the plane. The current j
is described on each bond (i,7) by

et i27wi;
Jij = IE (e 2 chcj — h.c.) (3.9)
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Figure 3.4: The texture of the ring currents for (a) zigzag ribbon (N=10) and armchair ribbons of (b) N=18,
(¢) N=19 and (d) N=20. In zigzag ribbon, because of the symmetry of the lattice, the ring currents along the
vertical bonds are zero. In armchair ribbons of N=18 and 19, the Kekulé pattern is clear.
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Figure 3.6: Schematic picture of ring current flow
generated by the interference. Thick bold lines de-
note the right-going currents and thick shaded lines
denote the left-going currents.

Figure 3.5: Current flow and magnitude near the
edge for (a) zigzag ribbon (N=>50) and armchair rib-
bon (N=50).

The ring currents also contribute to the linear response for weak magnetic fields. It is straightforward to
calculate them and the corresponding susceptibility. The pattern of the ring currents for (a) a zigzag ribbon of
N=10, and armchair ribbons of (b) N=18, (¢) N=19 and (d) N=20 are shown in Fig. 3.4(a)-(d), respectively.
The magnitude (in the units of Jy(= %t)) and directions of the ring current near the graphite edge are given
in detail in Fig 3.5. We can easily find that the current flow is symmetric with respect to x = 0 and the total
current in y-direction vanishes, because we consider an equilibrium state. The pattern of the current flow is
strikingly different for the zigzag and the armchair ribbons. In zigzag ribbons, due to the lattice symmetry, the
currents along the vertical bonds are exactly zero. The currents flow only along the horizontal bonds, whose
directions are antisymmetric with respect to £ = 0. For armchair ribbons, the current distribution is quite
different, because currents flow also on vertically oriented bonds, and exhibits a clear Kekulé pattern. Note that
the Kekulé pattern is more pronounced when N#£3M-1(M=1,2,3,- - -), which corresponds to the semiconducting
armchair ribbon, whereas it is less distinct for the metallic case, N = 3M — 1(M=1,2,3,---), where almost no
currents are found close to the ribbon center. The reason can be attributed to the interference effect between
the current flows associated with the two edges. As shown in Fig. 3.5(b), the currents are stronger along the
cis-polyacetylene which is separated by one dimer line. For N # 3M — 1 and N = 3M — 1, the ring current
patterns are depicted schematically in Fig. 3.6 (a) and (b), where thick bold lines denote dominant right-going
currents while thick shaded lines are for the left-going currents. It is easy to find that for N # 3M — 1 both
types of lines tend to avoid each other and form a Kekulé pattern around the center of the ribbons. However,
when N = 3M — 1, the lines lie perfectly on top of each other so that the left- and right-going currents cancel
each other around the center of ribbon. Thus the effect of the lattice topology near the graphite edge drastically
changes the ring current flow in the whole sample.

In Fig.3.7, the magnitude of the ring current susceptibility J is plotted as a function of /W with a fixed
position y for (a) zigzag ribbons, (b) armchair ribbons with (N # 3M — 1) and (c¢) armchair ribbons with



3.3. PAULI PARAMAGNETISM 41

(a) (b) (c)

1 3 3
! L
L 3
™ = S |
S S S
5 .%"%‘ 5 5 ks
] %] j%)
£ ", £ R £ 1w
3 “, 3 v ] .
5 A
z ., z S z R
*a, k’“.x“*‘%tﬁ ’éﬁ“‘f
”!‘ Y b | xmﬁ
RS P *8g, -
S g 9
0 LT N 0 L e
05 W 0 -05 oW 0 05 oW 0

Figure 3.7: The position dependence of magnitude of the ring currents for (a) zigzag ribbons, (b) armchair
ribbons (N # 3M — 1) and (c) armchair ribbons (N = 3M — 1).
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Figure 3.8: The Fermi energy dependence of the Figure 3.9: The temperature dependence of Xors,
orbital magnetic moments .., of graphite rib- where Xorp is scaled by 1/W and 3 is scaled by
bons at T=0. w.

(N = 3M — 1). Interestingly, each graphite ribbon has a scaling behavior as a function of /W and the
magnitude of the ring currents has a power-law decay. These facts further emphasize that the edge shape effect
is significant in nanographites.

Scaling properties of the orbital magnetic susceptibility

Next we show the Fermi energy dependence of x,.. Actually in real graphite materials, a small change in the
carrier density from the half-filling is possible and can even be controlled by substrate properties. The calculated
Fermi energy dependence is shown in Fig. 3.8, where it is found that x,,,/W is a universal function of uW. We
normalize o by dividing it by W, since it is proportional to W ( Fig. 3.3). Furthermore we multiply Er by
W, because the direct gap at k = 0 is proportional to the 1/W at k = 0 for armchair ribbons and at k = 27/3
for zigzag ribbons for large W.

In Fig. 3.9, it is shown the temperature dependence of X, which is important from the viewpoint of
experiments on nanographites. In all cases the magnitude of x,, decreases with increasing temperature. It is
also found that the temperature dependence of y,.5/W scales as a function of W, because the energy gap is
proportional to the 1/W. Our calculation also demonstrates that the edge effect becomes more significant with
lower temperature. Simliar scaling properites can also be found in carbon nanotubes [105,106].

3.3 Pauli Paramagnetism

In the previous section, we have seen that the orbital diamagnetic susceptibility depends on the edge shape in
nanographite ribbons, especially, the topology of the lattice strongly affects the flow of diamagnetic ring currents.
Here we discuss another important component of the magnetic susceptibility, Pauli paramagnetic susceptibility
X P, because zigzag ribbons have a sharp peak of DOS at the Fermi level. The width of this peak has the order
of meV, which is comparable to the temperature scale of room temperature. Therefore, we expecte that the
Pauli susceptibility of zigzag ribbons might be sensitive to temperature, although the Pauli susceptibility of
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usual metals is temperature independent. On the other hand, since the DOS of armchair ribbons at ¢ = 0 is
zero or very tiny, we can neglect the effect of the Pauli paramagnetism in armchair ribbons.
The magnetic moment due to the Zeeman effect is

M = pp(ny —ny), (3.10)

where pip is the Bohr magneton and ny (n)) denotes the electron density with up-spin (down-spin). The electron
density at arbitrary temperature for each spin is given by

1 1
- o ’ 3.11
! T /15tBZ ; 1+ eﬁ(en,,k*O'MBH) ( )
where (=1, |) means spin index. Therefore, the Pauli susceptibility xp per site is given by
OM _ i 1
=1 9n = . W st (Ben ) 3.12

where § = ]CB% Room temperature (T ~ 300K) corresponds to § ~ 0.25. We numerically calculated the finite
temperature Pauli susceptibility of graphite ribbons using this equation up to room temperature.

It is possible to separate the contribution of the edge states to xp. As we have seen in Sec.2.2, the DOS
due to the edge states is given by Eq.(2.31). After the substitution of Eq.(2.31) into Eq.(3.12), we replace the
k-integration by the energy integration. Then we can obtain the xp contribution due to the edge states as,

1 < 1
e _— ~ —TO{ .1
Xp NN /dxcoshx—i— 1 N7 (3.13)

where x is (e, and « is % — 1. Interestingly, xp has the Curie-like temperature dependence. The exponent of
xp depends on the ribbon width through a. When N becomes infinite, the exponent « approaches —1 and xp
show the Curie-law. However, in this limit, the contribution of xp is diminished by a factor 1/N in Eq.(3.13).

Numerical results of the Pauli susceptibility xp of zigzag ribbons up to room temperature are shown in
Fig. 3.10 for various values of N. As expected, because of the edge states, xp shows Curie-like temperature
dependence. In the inset of Fig.3.10, we plotted the N dependence of «, which was calculated by the least
square method and has a good agreement with the line of % —1.

The observed susceptibility x is essentially the sum of the orbital x,.,. and the Pauli susceptibility xp. The
temperature dependence of the total susceptibility x is shown in Fig.3.11. The total susceptibility x shows
the diamagnetic behavior in the high temperature regime and paramagnetic behavior in the low temperature.
In the inset, the width dependence of the crossing temperature, i.e. x = 0, is plotted, which is well fitted by
1 _ 101526 y ,,—1.846

Here we should remind that both aromatic molecules and bulk graphite show diamagnetic behavior, however,
nanographite with zigzag edges have a remarkable paramagnetic behavior because of the edge state. If this
paramagnetic behavior is experimentally detected, it will be an indirect evidence of the existence of the edge
state.

3.4 Magnetic Instability

The presence of the sharp peak in the density of states should induce the lattice distortion by the electron-
phonon interaction and/or the magnetic polarization by the electron-electron interaction. Because of the non-
bonding character of the edge states, the lattice distortion in the vicinity of the zigzag edges is unlikely with the
realistic strength of the electron-phonon coupling [107]. The absence of the lattice distortion is also confirmed in
terms of the density functional approach [108]. Thus we examine the effect of the electron-electron interaction
by using the Hubbard model with unrestricted Hartree-Fock approximation, and successively random phase
approximation. We have found a possibility of spontaneous magnetic ordering near the edge, peculiar to the
nanometer scale fragments of graphite.

3.4.1 Mean field treatment in graphite ribbons

In order to study the magnetic instability in nano-graphene ribbons, we use the Hubbard model. The Hamilto-

nian is written as
Bt Y Y
a J)

(a,a’) (i,7),s

el J(i)cars() + U Z Nt (D)7, (1), (3.14)
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Figure 3.10: The temperature dependence of xp ]
for N= 10, 20, .. , 50 up to room temperature. Figure 3.11: The temperature dependence of to-
In the inset, the exponent is plotted on the width tal susceptibility x, which is xorp. + xp is shown

N and show a good agreement with the line of for N = 10, 20, ...,'50. In the inset, the width de-
11 pendence of crossing temperature, where x = 0.

where the operator cT 4(i) creates an electron with spin s on the site ¢ of the unit cell a and n, (i) =
c‘;,s(z)cms( ). The indices of the sites in graphene ribbons are given shown in Fig.2.1 of the Chapter 2, and ¢
and U are the nearest-neighbor transfer integral and on-site Coulomb repulsion, respectively. Here we solve the
unrestricted Hartree-Fock (HF) Hamiltonian,

- Y Y e

(e,@’) (i,7),s
+ UZZ(<na,¢(i)>na,r(i) + (a1 (8))na,, (i UZZ Na, 1 (1)) (R, (4)) (3.15)

with the self-consistence conditions

(i) = 7 S {ak G ()~ af (o, () (3.16)
k

occ.

= LZZ{um s Duger (650) — g (i Dy (351) } (3.17)

where QL ,(i) is the Fourier transformed operator of ¢, (i),

. 1 ; .
o) = == D eual ,(0), (3.18)
k

and (---) denotes the expectation value in the HF state. The symbol uy ¢(i;1) denotes the matrix element of
the following canonical transformation

a’ks Zuks Z l ’Vks (319)

in order to diagonalize the HF Hamiltonian with 7k .(7) as the new quasi-particle operators. Since the zigzag rib-
bons have a bipartite-lattice structure, we solve the self-consistent equations assuming that the basic correlation
is antiferromagnetic (AF).

In Fig.3.12, the U dependence of magnetization m for the zigzag ribbon of (a)N = 2, (b)N = 3 and
(¢)N = 10 is shown. The dashed lines are HF solutions for a 2D graphite sheet. Similarly, we show the cases
for armchair ribbons of (a)N = 3, (b)N = 4 and (c)N = 5 in Fig.3.13. First, we can clearly see a peculiar
feature for the zigzag ribbons, i.e., large magnetic moments emerge on the edge carbons even for the weak U,
which is explained as follows. Since the 2D graphite is a zero-gap semiconductor whose density of states (DOS)
is zero at the Fermi level, the broken line stands up at a finite value U(=U¢). This is consistent with the fact
that graphite is non-magnetic, where U is expected to be much smaller than . On the other hand, the zigzag
ribbon has a large density of states at the Fermi level originating from the edge states. Thus, non-zero magnetic
solutions can emerge for infinitesimally small U region as indicated in the present mean field result. However,
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Figure 3.12: The U dependence of the magnetization m for the zigzag ribbons of N=(a)2, (b)3 and (¢)10. The
dashed lines mean the mean field solutions for the graphene sheet.
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Figure 3.13: The U dependence of the magnetization m for the the armchair ribbons of N=(a)3, (b)4 and (c)5.
The dashed lines mean the mean field solutions for the graphene sheet.

special emphasis should be put on the behavior of the magnetization at the edge site 1A. As shown in Fig.3.12,
the magnetization at the site 1A rapidly rises up and reaches about 0.2 even at small U(~0.1), when the width
of ribbon is increased. We note that the armchair ribbon does not show such singular magnetic behavior as
shown in Fig.3.13(a)-(c).

Next, we should also stress the local ferrimagnetic structure for the zigzag ribbons. We exhibit the magnetic
structure of the ribbon with N = 10 at U/t = 0.1 in Fig.3.14, where spin alignment is visible at both edge sites.
The origin of this structure is also explained from the nature of the edge states, which are responsible to the
magnetization. Since the amplitude of the edge state is non-zero only on one of the two sublattices at an edge
and damps inwards, the magnetic moment selectively grows on this sublattice forming local ferrimagnetic spin
configuration, which is getting smaller and promptly on inner sites. The opposite edge sites, however, belong to
the different sublattices, the total magnetization of the zigzag graphite ribbon is zero, although this vanishing
total spin for the ground state is consistent with the exact statement of the half-filled Hubbard model [109].

In the Fig.3.15, the ribbon width, N, dependence of the magnetization at the most outer site (1A or NB).
The magnitude of the magnetization rapidly increases with ribbons getting wider and then saturates around
N = 10. This saturation value of the magnetization can be easily evaluated by the analytic solution of the

m—1
edge states. From the analytic solution, the charge density on m—th zigzag chain is <4 cos 2) . Since the

UR=0.1
I |
m
01
0 2 8 12 16 20
N

Figure 3.15: The ribbon width, IV, dependence of

) ) ) the magnetization at the most outer site (1A or
Figure 3.14: The schematic magnetic structure NB).

for the zigzag ribbon of N =10 at U/t = 0.1.
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charge density from 1st zigzag chain is and the total charge density from 2nd zigzag chain except

1—4cos? &’
: . dcos?§ : Lo 2 k : :
1st zigzag chain is T doos2 &’ the charge density at 1A site is given as 1 — 4 cos 3 Thus in the region of
—4cos? £
2

0<k< 2?”, the charge density at the 1A site is given as

/ dk (1 — 4cos? ];> =3 - g (3.20)
2=

At U/t = 0 two partly flat bands are degenerate, the electron-electron interaction lifts this degeneracy and
gives the magnetization of %muB. When we multiply % to Eq.(3.20), we obtain the saturation value of the

1
magnetization at the 1A site as follows, (\f — g) 3™ 0.228.

3.4.2 Spin wave mode in graphite ribbons

The ferrimagnetic spin polarizations along the zigzag edges are interesting in view of the magnetic properties of
nanographites. Nevertheless, the long-range order derived from the mean-field calculation is spurious, because
no finite-momentum long-range spin order is expected in an one-dimensional system with full spin-rotation
symmetry [110]. Even we may argue that quasi-long-range order, similar to the spin-1/2 Heisenberg chain, is
not realized in zigzag ribbons of any finite width for the following reason. The unit cell of the ribbons contains
an even number of sites such that Haldane’s conjecture applies, i.e. the system should exhibit a spin gap [111].
This is very analogous to the case of the ladder systems with an even number of legs, which display a resonating
valence bond (RVB) ground state, i.e., a short range correlated spin liquid state. With increasing of the ribbon
width, however, the spin gap A decreases exponentially due to the diminished overlap between two edges. In
the limiting case of a semi-infinite graphite sheet, the state should, therefore, possess a gapless spin spectrum
with quasi long range order. From this point of view, it is reasonable to study the low-lying spin excitations
based on the HF result using the random phase approximation (RPA), which will give us in any cases gapless
spin wave modes. These modes lie below the charge gap induced by the electron-electron interaction for any
width of the ribbon so that they should remain always well-defined. We will use the RPA result to derive
an effective Heisenberg spin model for the moments which emerge at the edges due to the electron-electron
interaction.

Let us now turn to the collective mode associated with this peculiar magnetic structure of zigzag ribbons.
We start with the following transverse dynamical susceptibility,

G aw) = i [ de s 0,57, 50, (321)

where S (i;t) is the Heisenberg representation of S (i) = Y, ak+qT( i)ag(i). Using the canonical transfor-

mation eq.(3.19), the dynamical susceptibility X?;'_(q, w) for the mean field solution can be expressed in the
Lehmann representation,

os oee, waoce (G (5 Dy (4 m)ukl(] m)ugt (53 1) UZ_HN(Z.;Z)UkT(i§m)UZT(j§m)ukl(j;l)
Xij (¢,w ZZ Z { w—ex(m) — ex(l) * w+ €ex(m) — ex (1) }
(3.22)

In order to take the bipartite structure of the AF correlation into account, it is convenient to distinguish between
“uniform” and “staggered” spins,
Siu;q = Z S qu“

Sis;q = Z S qua
where s(7) is +1 (-1) if the site ¢ belongs to the A (B)-sublattice. The spin operators are given by
i) = ch,s(i)asyca,ﬂ(i)'

It is natural to introduce the following transformation for the dynamical susceptibility,

0+—uu O0+—us

N _ Y. = s
Vo 2 e 2 st
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Figure 3.16: Spin wave modes for various ribbon widths of N = 2,3,---,9 when U/t =0.1 (a), 1.0 (b) and
10.0(c). The insets in (a) and (b) show the corresponding charge excitations.

From this, we obtain the equations for the response to the oscillating fields, hju (¢,w) (uniform) and hjs(q, w)
(staggered), and the corresponding mean fields [112],

(Siug) = ZXO““ ¢,w) (hi,(0,w) + I{S},q)) +ZX0“9 ¢, w) (h(q,w) + I(S},,)) ,

(Shy) = ZXOW ¢,w) (h},(q,w) + I(S},..)) +Z><°“ g, w) (hf (g, w) + I1(S}...)) -

The spectrum of the spin wave modes is indicated by the poles of the susceptibilities obtained from these
equations.

The spin wave spectra are shown in Fig.3.16 for U/t = 0.1, 1.0 and 10, and various ribbon widths. Obviously,
the spin wave spectrum is sensitive to both the interaction U and width N. For all widths and all finite U
the spin wave spectrum has a basic linear dispersion around ¢ = 0 (and 27) resulting in the aspect that the
correlation is essentially antiferromagnetic. However, a strong quadratic dispersion are superposed due to the
ferromagnetic character of the large moments appearing at each edge, as we can see clearly in Fig.3.16(a)
(U = 0.1t). This superposition completely disappear for U = 10t(> U..) in Fig.3.16(c), where all sites generate
a magnetic moment with well-developed Néel structure. In this case the dispersion very weakly depends on the
width N and becomes entirely that of an AF system. The case of U = t can be considered as intermediate,
because for small NV it is more similar to the small-U situation while for large N the low-energy spectrum
resembles that of U = 10¢. It is important to notice that the low-energy spectrum for all U > 0 lies below the
continuum of the quasiparticle excitations described by the mean field calculation (see insets in Fig.3.16(a),(b)).
Therefore these spin waves represent well-defined undamped modes.

Now let us turn to the case of U = 0.1t where only the outermost moments at the edges are well-developed
and can be considered as spin degrees of freedom on a lattice with two leg ladder structure. We can derive the
effective Heisenberg model for these spins by analyzing the RPA spin wave spectrum,

H=Y" 17,58, (3.23)
(3,9
where J; ; is the effective spin-spin interaction not restricted to nearest neighbors as shown in Fig.3.17. By

means of Holstein-Primakoff transformation, the spin wave spectrum deriving from the ordered state with
parallel alignments of the spin along the edges and antiparallel between the edges.

2 2
Wy = (—42 Jy sin? pg + 2 Z J), — Jé) - (2 Z J], cos2uq — J6> (3.24)
u p

m

where J, and J, L denote intra- and inter-edge interactions, respectively. We use the least square fit method
in order to determine J, and Jj from the RPA spectra (u = 1,...,10). Figure 3.18(a) and (b) show that J,
decreases fast with distance (|J,| o< p=%, an=3 = 3.2, ay=9 = 2.2 ), but weakly with N. On the other hand, Jj
and Ji drop sharply with increasing IV, where the results for N > 5 are limited by the numerical accuracy. One
important result in this context is the fact that the inter-edge interaction is almost two orders of magnitude
smaller even in the case of N = 3. This suggests that the states of both edges contribute almost independently
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zigzag ribbons

to the uniform susceptibility. The ferromagnetic correlation of the large moments leads to an enhancement of
the paramagnetic signal in nanographite.

The spin system is Eq.(3.24) has a spin gap for finite J| and Jj. The small value of Jjj suggests a small
value of the spin gap, As ~ Jj. The accurate values are difficult to estimate even with exact diagonalization
due to severe finite size effects for weakly coupled spin chains.

3.5 Summary and Discussion

In this chapter, we investigated the magnetic properties of nanographite systems. The characteristic features
which we found in this chapter are listed below.

e Orbital diamagnetism
The orbital magnetic susceptibility xor, of nanographites has the intermediate values between those of
aromatic molecules and bulk graphites. The armchair ribbons show larger diamagnetic response than
zigzag ribbons. The magnitude of xo.p linearly depends on the ribbon width. The x. can be scaled
as the function of the Fermi energy, temperature and ribbon width. The difference of the xo. between
armchair and zigzag is attributed to the behavior of ring currents driven by magnetic fields.

e Pauli diamagnetism

Zigzag ribbons shows the large Pauli paramagnetic response at low-temperature due to the existence of the
sharp peak in the density of states at the Fermi energy, while in armchair ribbons the Pauli paramagnetic
susceptibility, xpauli, is negligible. Since the width of the peak is the order of meV, the xp,u; is sensitive
to the temperature, resulting in the Curie-like behavior. The temperature dependence of the xpaui is
%Tl,%m at low temperature, which originates from the form of the density of states of edge states. In
nanographite systems, this paramagnetic response competes with the diamagnetic responses, resulting in
the crossover from high-temperature diamagnetic response to low-temperature paramagnetic response.

e Spin polarization

The edge states are not stable even for small onsite Coulomb interaction, which yields localized spins of
about 0.2up at the edge sites. In zigzag ribbons, the spins ferrimagnetically align due to the nature of
non-bonding edge states. The two magnetic states which polarized at the zigzag edge couple antiferro-
magnetically, resulting in the total magnetization being zero which is consistent with the Lieb’s argument.
Since the zigzag ribbons have even sites in the unit cell, the ground state of the system is considered as
a resonating valence bond state, which induce a gap for the spin excitation. However, since the coupling
between two edges rapidly decreases with increasing the width, the spin gap is negligible small when the
ribbon width has a nanometer-scale.

The argument we discussed here is applicable to the other edge shapes having the non-bonding edge states,
i.e. bearded and cove edges. Based on the discussion of the previous chapter, the non-bonding edge states are
expected at the edges which are not parallel to the armchair edge. Thus, there is a class of nanographites which
show the crossover from the paramagnetic response at low temperature and the diamagnetic response at high
temperature can be assigned as the characteristic feature of the nanographite systems.



48 CHAPTER 3. MAGNETIC PROPERTIES

In the ACF-samples and graphitized nanodiamonds (see Chaper 1), the dangling bonds are terminated by
the other elements. Nevertheless, their magnetic susceptibility shows Curie-Weiss behavior originating from
localized spins. Since in the ACF and graphitized nanodiamond systems, the dangling bonds are terminated,
the presence of dangling bond spins can be ruled out. Our results show that the non-bonding edge states give
strong Pauli paramagnetic response even in the absence of electron-electron interactions. Thus, we conclude
that the localized spin originating from the non-bonding edge states is one of the strong candidates to explain
the behavior of magnetic response in nanographite systems.

Up to now, it has been considered that the graphite-related materials are quite silent for the magnetic
response. However, our results suggest that in nanographite systems the paramagnetic response due to the
non-bonding edge states are crucial, resulting in that the nonographites is assigned as a completely different
systems from bulk graphites and aromatic molecules in the viewpoint of the magnetic properties.



Chapter 4

Transport Properties

In this chapter, we study the electronic transport properties of nanographite systems. The topology of sp?
carbon networks plays an important role not only for magnetic properties, but also for transport phenomena.
Because of the non-bonding character of edge states, a single edge state cannot contribute to the electron
transport. However, in zigzag ribbons, the edge states can provide a single channel for electron transport in the
low-energy region, due to the bonding and anti-bonding configuration of two edge states which overlap from both
edges. Here we analyze the conductance through the nanographene ribbon junctions and nanographene ribbon
with non-magnetic impurities, based on the Landauer approach. The junctions analyzed here are systems
which connect two zigzag ribbons with the same or different width. The conductance as a function of the
Fermi energy shows rich structure in the single-channel energy region, in contrast to the case of related carbon
nanotube systems. The remarkable feature in the behavior of the conductance is the appearance of sharp
zero-conductance dip structures. Each zero-conductance dip is associated with a resonant state which can be
interpreted as the superposition of two degenerate flux states with circulating current patterns. We also show
that these conductance zeros are connected with pronounced negative magneto-resistance.

The organization of this chapter is as follows. First, we briefly introduce the multi-channel Landauer formula
and the recursive Green’s function method. Next we analyze the problem of single-barrier nanographene ribbon
junctions and their zero-conductance resonances. Finally, we discuss the problems of non-magnetic impurities
in zigzag ribbons. The results presented are partially published in Ref. [113].

4.1 Multi-Channel Landauer Formula

We use the multi-channel Landauer formula (MCLF) [114-116] in order to evaluate the conductance of nanographite
junctions. This formula was originally developed for Anderson localization problems. Nowadays it is widely used
in the mesoscopic and nanoscopic systems.! The MCLF derives the conductance from the scattering matrix.
Through the scattering matrix, S, the amplitudes of the scattering waves b are related to the incident wave

amplitudes a:
bL o ay, _ r t ary,
o sl -1 e )] @

where t, t' are the transmission matrices, r, r’ are the reflection matrices and subscripts L and R denote the
2
left and right lead lines. Conductance is defined in units of == per spin by

g(B) =tr (t76) = [t (B)?, (4.2)

v

where t,,,(F) is a transmission coefficient from v to u'® channel at energy E. The scattering matrix can be
written in terms of the site Green function. Through the site Green functions, the transmission coefficients can
be connected to the tight binding model. In order to calculate the site Green functions efficiently, we adopt the
recursive Green function technique [125-127].

1For reviews of mesoscopic systems, see references [117-123].
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Left
lead line

Figure 4.1: An example Conﬁguration of Figure 4.2: The structure of Zigzag ribbon. We clas-
nanographite ribbon junctions. The shaded sify into 2 columns called « and 3 in the unit cell.
central I‘egion is the scatter. Lead lines (Zlgzag The rectangle with dashed lines is the unit cell.

ribbons) are attached on the both of the scatter.

An example of the nanographite ribbon junctions is depicted in Fig.4.1. The shaded central region corre-
sponds to the scattering region, and the zigzag ribbons of the left and right parts correspond to lead lines. We
need to know the Green function of zigzag ribbons in order to apply the recursive GF method, in the subsection
4.1.1.

4.1.1 Zigzag ribbon as a lead line

Let us consider a zigzag ribbon of width N. We define the translational invariant direction as the y-axis and,
the x-axis lies perpendicular to y-axis as shown in Fig.4.2. In zigzag ribbons, there are two kinds of columns in
a unit cell, which we call a- and (-column, respectively. The equations of motion on the zigzag ribbon in the
j—th cell are given by

a\Oo B B —
{(EI—H%)C%—V:Cj—VCjé =0 (4.3)
(EI-H})C] - Vice,, —-VCS = 0

where C§' ( Cf ) is a vector (Nx1 matrix) describing the amplitudes of the a(3)-column of j-th layer and H§ (

H'g ) denotes the column Hamiltonian of o (3)-column. The V (VT) represents the inter-column Hamiltonian
describing hopping. From these two equations, we can obtain the following equation system,

c?
J
EI—-Hj, 0, =Vt o, -V cl,

0, EI-HJ, 0, -V, —vi co, | =0 (4.4)
-V, —vt 0, 0 FEI-HY Cs_,

c;

Using numerical or analytical methods, we eliminate the two variables of the $-column, Cf and Cf_l, to obtain
the following Harper’s equation,

Ciiy +uCj_; +vCj =0, (4.5)
and assume the Bloch form, i.e.,
Cii, = A\Cj. (4.6)

Therefore, the following eigenvalue problem is derived,

(el )= el ) “

This equation has 2N eigenvalues and 2N eigenvectors, which are classified into N right- and left-going waves.
The N right-going solutions consist of traveling waves having the positive velocity in y direction and evanescent
waves decaying exponentially in the positive y direction. Similarly, the N left-going solutions consist of traveling
waves having the negative velocity in y direction and evanescent waves decaying exponentially in the negative
y direction.

Let ui(—),- - -, un(—) be the left-going solutions of C§ corresponding to A;(—), -+, An(—) and w1 (+),-- -, un(+)
be the right-going solutions of C§ corresponding to A;(+),--, An(+). We then define two kinds of matrices,

U(£) = (ui(£), - um(£)) (4.8)
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and

An ()
Any left- and right-going wave can be written, for example at j=0, as
Cf(%) = UH)C (), (4.10)

where C(=) is an appropriate vector consisting of expansion coefficients. For general j, we have

C§ (1) = U(H)A(£) C¥(£), (4.11)
which leads to the relation
Co(+) = F(x) 7' Co(2), (4.12)
with
F(+) = U(E)A(£) U H(£). (4.13)

We should note that U(#4) is not a unitary matrix in general.

4.1.2 The scattering problem

Now let us consider the scattering problem. We assume that the scat-
tering object has Ny columns as shown in Fig.4.3, denoted from column
1 to column Ng. The 0-th column corresponds to the end of the left
lead line, and the Ns+1 column corresponds to the beginning of the
right lead line. An infinite zigzag ribbon is attached to both sides
of this scattering object as a lead. First, we separate the amplitude
& at cell 0 into the right-going (incident) and left-going (reflected)

solutions:
Cy = Cq(+) + Cg(—). (4.14)

By using Eq.(4.12), the C%; can be rewritten as follows,

C2y = C%(+) +C% () B
= Fil(-ﬁ-)Cg("‘)"‘Fil(_)Cg(_) :;(;f:iline
= FY()C+ {F'(+) - F (=)} C§(+). (4.15)

Let us consider the case where a zigzag ribbon is attached to the Figure 4.3: The columns in the
scattering object at O-th column. In order to do this, we have to scattering region are denoted by
derive an equation which relates C§ to Cg and C?, in terms of the ;=0.1,2--- N, N,+1.

following equation,

c?,
EI-H] -v, o, -vi]|c§
) > ) = 0. 4.1
Vi EI-H§, -V, 0] cy 0 (4.16)
ce,
The elimination of C” 1 gives
(EI - H)C§ — Vi,.Cl —Vice, =o. (4.17)

Here we substitute Eq.(4.15) into the above equation in order to eliminate C,, then we obtain
(FI-H, - V[F~!(-))C§ - VL.Cj = V| (F(+) ' = F(-)"") C§(+), (4.18)
and we introduce the new notation ﬂL,
Hy, = Hy + VI F(-)". (4.19)

Then we obtain ~
(H—Hy)C§ — Vi.Cj = V] (F(+) ' —F(-)™") C§ (+). (4.20)
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On the other hand, in Ng + 1-th cell, only right-going waves exist, i.e.

TRANSPORT PROPERTIES

Not2 = F(H)CR 41, (4.21)
and
L i
ET—-Hj, -V, 0, -V Cﬁs_,_l .
-V, EI-H§, —-Vi 0 Cy =0 (4.22)
CR.12
By eliminating C§IS+17 we can obtain
(EI-Hg)C{_,, — VRCX. — VRCY 4, = 0. (4.23)
Inserting Eq.(4.21) to eliminate CY_,,, we find
(E1-HR)CY_,, — VRCR =0, (4.24)
where R
Hp = Hg + VrF(4). (4.25)
Thus, the Schrédinger equation for the scattering problem has the form
(EI-H)C =D, (4.26)
where C, H and D are given by the following,
xe :
C T 1 1
C, VLFEH) T —F(=)7)CG(+)
Cs
c=| . , D= (4.27)
Cn.—1 0
Cn.
L G
and
H, Vi 1
Vio Hi Vi
Vi1 Hy Va3
Vs2 Hz Vgy
Vis Hi Vy5
H= : (4.28)
Vi.n,o1 Hy, VN, N1
i Vi  Hr
respectively. Here V; ;11 is the inter-column matrix from (j+1)-th column to j-th column.
Let us define the Green function G as
N1
G=(p1-H) . (4.29)
Immediately, we can derive
81(H) = CR 1 = NS+ 1GIO)V/ (F(+) ' = F(=)")CF(+) (4.30)

and

Cj(-) = C§ — C3(+) = [0IGIO)VL(F(+) ! = F(=) ") — 1JCF (+). (4.31)
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From these equations, we can obtain the transmission coefficient ¢, for the incident channel v with velocity v,
and out-going channel p with velocity v, as

1/2
v _ _ _
o= | 2] U0 GOV - R U] (432)
and the reflection coefficient r,, for incident channel v and out-going channel u as
1/2
v _ _ _
= Lﬁ] {vr{eepviEes " - -1} . (4.33)

Immediately after we obtained the transmission coefficient ¢
formula,

> We can evaluate the conductance by the Landauer

2
e
G(B) = =3t (E). (4.34)
v
Thus, the conductance is calculated through the site GF.

4.1.3 Recursive relation of the Green function

In order to evaluate the transmission and reflection coefficients, we have to calculate the Green functions. Most
powerful strategy is the recursive Green function method. Let us define the following four Green functions by,

(GIGl) = [I(EL—HD) ;] (4.35)
(jIGl0) = [j|(EI—HY)"|o] (4.36)
(0|Glj) = [0(ET—HY)!|j] (4.37)
(0|GJ0) = [0/(ET—HY)" o] (4.38)

where H() is the total Hamiltonian for the strip comprising the 0 to j cells excluding the intercell Hamiltonian
H; ;11 and H;; 1 ;. Then the Green function for strips with any length can be obtained by a set of recursive
formulas,

(j +1GUFD]j + 1)1

E1—-H;, —H; 1 ;(§|GYj)H; 41
G+ 1|GUHD) = (G +1UGU ]+ DH;p (5| GD))
(|GUTD]j +1) = (IGYH)H; 11 + 1GUTV|j +1)

UG UG + UG Hy j41(j + 1G],

where the suffix [ must be less than j+ 1. In actual numerical calculations, we use the following Green function
as a starting point for our recursive calculations.

(0]G©)0) = (EI - f{L)fl . (4.39)

In terms of the above set of recursive relations, we can also calculate the Green function at arbitrary positions.
By the analytic continuation, we can obtain the (local or total) density of states in the scattering region in
terms of the following relation,

p(E) = —%ImG(E +in). (4.40)

In addition, we can also obtain the behavior of the incident wave and current flow in the scattering region by
this method.

4.2 Single-Barrier Nanographite Ribbon Junctions

4.2.1 Design of single-barrier nanographite ribbon junctions

Before we discuss the design of the junctions and their conductance properties, let us summarize a few important
facts concerning the low-energy states for zigzag and bearded ribbons.
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(a) (b)
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Figure 4.5: The structure of junction (a) I, (b) II and (c¢)IIL

Zigzag ribbon: The zigzag ribbons are metallic for arbitrary ribbon width with an energy dispersion near
E = 0 as shown in Fig4.4(a). The partly flat band appears at E = 0 due to the edge states. Each edge state has
a non-vanishing amplitude only on one of the two sublattices, i.e. non-bonding character. However, in a zigzag
ribbon of finite width, two edge states coming from both sides, have a finite overlap. Because they are located
on different sublattices, they mix into a bonding and anti-bonding configuration. In this way the partly flat
bands acquire a dispersion. Note that the overlap is increasing as k deviates from 7/a, because the penetration
depth of the edge states increases and diverges at k = 27/3a. The dispersion depends on the ribbon width N
(number of zigzag lines from one side to the other), and has the approximate form

Ey = £2tNDY ! {1 — cos <k72“ﬂ , (4.41)

where Dy = 2cos (%) Thus, although the edge states on each side separately have non-bonding character,

together through their overlap they provide one conducting channel except at exactly £ = 0. The energy region
of single-channel transport is restricted by the energy gap A? in Fig.4.4(a)

A$ = 4t cos [ N1 7T:| . (4.42)

Note that A? is different from A, (Fig.4.4(a)), defined in the chapter 2, which is the direct gap of zigzag ribbons
at k = 2.

BeaBrded ribbon: The bearded ribbon has one zigzag edge and one edge which has additional bonds (beard)
to the zigzag edge. Here the edge states of both edges exist on the same sublattice. Consequently, there is no
mixing between these edge states that would remove the non-bonding character, and we obtain a completely
flat band at £ = 0 for any width N. The absence of dispersion leads to the insulating behavior for the edge
state channel. The gap to the first conducting channel depends on N and is given by

A, = 4t cos { (4.43)

N
IN 12"
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Now let us turn to the design of junctions. In this section we study three types of junctions sandwiched by
two zigzag ribbons denoted by L and R. The middle region shall be denoted by M. The junction I is depicted in
Fig.4.5(a). The M-region between the two zigzag ribbons of width N is a bearded ribbon which has [ attached
bonds. This is an example to illustrate the peculiar features of transport properties in zigzag ribbon junctions,
regardless of the question as to whether bearded ribbons could be realized in nature. It should be noted that this
model represents a metal-insulator-metal junction. In Fig.4.5(b) and (c), the junction IT and III are depicted.
These junctions connect zigzag ribbon leads of different width. The M-region contains a tilted zigzag edge for
junction IT and an armchair edge for junction III. These junctions are more realistic than the junction I. In the
junction IT and III, the length of the M-region is proportional to N;, — Ng.

4.2.2 Fermi energy dependence of conductance

In Fig.4.6 (a), the Fermi energy dependence of the ballistic conductance for the junction I with N = 20 for
the whole energy region, where the number of attached bonds is 0, 1 and 3. Since the system of [ = 0 is a
perfect conductor, the ballistic conductance is proportional to the number of conducting channels at the Fermi
energy, i.e. the number of subbands at the Fermi energy. The conductance has a clear step feature as a function
of the Fermi energy. With increasing number of attached bonds, the conductance decreases due to the lattice
imperfection. In the multi-channel energy region the structure of the function G(F) is rather smooth, however
in the single-channel region near £ = 0 the conductance has strong features. The Fermi energy of undoped
systems is at £ = 0. Since in realistic systems the low-energy region near the Fermi energy is more important, we
shall investigate the behavior of the conductance in the low-energy region carefully. We show the Fermi energy
dependence of the conductance of junction-I within the single-channel region, |E| < Ay/2, in the Fig.4.6(b),
and (c) with log-scale for the Fermi energy. We can find that the conductance has zero-conductance dips. The
number of dips increases with increasing the number of the attached bonds, and simultaneously the maximum
height of the conductance decreases. Interestingly, even one-attached bond makes a zero-conductance dip. We
should note that near the bottom of the valence bands ( the top of the conduction bands ) which is also a single-
channel region the dip structures of zero-conductance does not appear. Since the bottom of the valence bands
( the top of the conduction bands ) has the character of free electron, the appearance of the zero-conductance
near F¥ = 0 dips is related to the topology of the lattice and the electron spectrum around £ = 0. We should
remark that the conductance of junctions connecting two nanotubes with different circumference does not show
this type of dip structures [128].

Next we show the behavior of conductance for junction-II and junction-III in Fig.4.7 and Fig.4.8, respectively.
In the Fig.4.7, the Fermi energy dependence of the conductance in junction II for (a) the whole energy region,
(b) single conducting channel region and (c) single conducting channel region with log-scale are displayed. Here
the single-channel region is given by |E| < Ay(Nz)/2, where both leads have a single conducting channel,
because the case of N > Ng give Ay(Np) < Ay(Ng). Similarly, in the Fig.4.8, we show the Fermi energy
dependence of the conductance in junction-III for (a) the whole energy region and (b) single conducting channel
region. In both types of junctions, we set the width of the left zigzag ribbon at Ny = 20, the width of the
right zigzag ribbon is changed as Ny = 16, 14,10. When N, is equal to Ng, the system a is perfect conductor,
so that the conductance is a step function of the Fermi energy. Since the maximum number of conducting
channels is equal to the width of the lead lines, the maximum value of the conductance is equal to the width of
the right zigzag ribbon, so that the conductance decreases with decreasing the width of right zigzag ribbon in
the multi-channel region. Interestingly, although we can find sharp dips in the multi-channel region of |E| > 1
for the junction-I, we cannot find such structures for the junction II and III. Now we shall see the low-energy
transport properties. The behavior of the conductance of the junction II and IIT is qualitatively same in the
multi-channel region. However, in the single-channel region near E = 0, the behavior of the conductance of the
junction IT and IIT is quite different. The conductance of the junction III is smooth even in the single-channel
region, but the conductance of the junction II has dip structures analogous to the junction I. It should be noted
again that in the single-channel region near the bottom of the valence band ( the top of the conduction band ),
where the electrons have the nature of free electrons, there are no such dip structures. Increasing the length of
the M-region, the conductance is lowered because of the enhanced reflection of the electron wave.

In the junction II, with increasing the length of the M-region, the number of the zero-conductance dips
increases and the height of the conductance decreases. In the junction III, however, the dip structures of
zero-conductance do not appear, and the conductance is a smooth function of the energy. The height of the
conductance decreases with increasing the M-region . The tilted edge in II supports an edge state which, similar
to the bearded ribbon, lies on the same sublattice as the edge state on the other side of the ribbon.

Thus, these results say that the edge structures play an important role in low-energy electronic transport
properties. In next subsection, we shall see the behavior of the incident waves in the M-region in order to
understand these zero-conductance states.
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Figure 4.6: The Fermi energy dependence of the conductance of the junction I for (a) the whole energy region
and (b) the energy region of single conducting channel.
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Figure 4.7: The Fermi energy dependence of the conductance of the junction II for (a) the whole energy region
and (b) the energy region of single conducting channel.
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Figure 4.8: The Fermi energy dependence of the conductance of the junction III for (a) the whole energy region
and (b) the energy region of single conducting channel.

4.2.3 Behavior of electron waves

The appearance of the zero-transmission dips in the junction I and II is connected with the formation of the
resonant quasi-bound states in the M-region. According to quantum mechanics, the quasi-bound states are
formed by the interference of the incident waves and reflected waves, resulting in the formation of standing
waves in the M-region. Thus, we shall study the behavior of electron waves in the M-region.

(a) (b) (d)
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Figure 4.9: (a) The energy dependence of the conductance of the junction I with N = 20 and [ = 6. The
electron waves of this junction at the energy (b) Ej, (c) Es and (d) E3. Here the radius of a circle and the
black and white of a circle means the amplitude and sign of the electron waves.

In Fig.4.9 (a), we show the energy dependence of the conductance of the junction I with N = 20 and [ = 6,
where the energy points of zero-conductance are marked with Ey, E5 and F3 from lower energy side. The
electron waves at Ey, Es and Es are depicted in Fig.4.9 (b), (c) and (d), respectively. The radius of circles
and the black and white of circles denote the amplitude and sign of the electron waves, respectively. In all of
these figures, we can clearly see the formation of standing waves at the bearded edge in the M-region. Thus
the appearance of the zero-conductance is connected with the formation of the standing waves in the M-region.
The number of nodes of the standing wave increases with increasing energy. Shorter wave vectors correspond to
higher energy. It should be also noted that the standing waves penetrate toward the inner sites of the ribbons
with increasing the energy and the overlapping between two edge states coming from both edges becomes larger.
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From now on, we call the standing-wave state with m hills as n = m state. Following this notation, the states
of Fig.4.9 (b), (c¢) and (d) are called n = 1, n = 2 and n = 3 state, respectively. This notation will be used
again in later subsection concerning the negative magneto-resistance.
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Figure 4.10: (a) The energy dependence of the conductance of the junction IT with N, = 20 and Ng = 10. The
electron waves of this junction at the energy (b) E1, (c) Es and (d) Es.

Next we shall see the behavior of electron waves in the junction II. In Fig.4.10(a), the energy dependence
of the conductance of the junction II with Ny = 20 and Nr = 10. We again mark the energy points of zero-
conductance with F, Fy and E3 from the lower energy side. The electron waves at E, E5 and E3 are depicted
in Fig.4.10 (b), (c) and (d), respectively. We can see the clear formation of standing waves near the tilted zigzag
edge in the M-region. Thus the appearance of the zero-conductance is due to the formation of the standing
waves in M-region. The number of nodes of standing wave increases with increasing the Fermi energy analogous
to the junction I.

Thus, also here the appearance of zero-conductance can be attributed to the formation of standing-waves
in M-region of the junction. Hence the M-region of the junctions plays a role of single potential barrier for
electron tunneling. In general, when the length of the potential barrier gets longer, the energy of the long-
wavelength standing waves in M-region become smaller. This is the reason why the number of zero-conductance
dips increases with increasing the length of the M-region. Of course, if the length of the M-region gets longer,
the electron transmission is reduced, resulting in the decrease of the height of the conductance. The reason why
the tilted armchair of the junction III does not show the standing waves is that the armchair edges do not have
edge localized states at low-energy which could form this type of resonant standing wave.

4.2.4 Flux states and large induced current vortex

In the previous subsection, we have pointed out the cause for the appearance of the zero-conductance from the
viewpoint of the standing wave formations. This explanation is quite simple and reasonable. Here, we consider
the behavior of currents near the zero-conductance dips. We find that the currents form the Kekulé-like vortex
pattern in the M-region. We call this state “flux state”. We would like to demonstrate here that standing wave
occurs due to the superposition of two flux states with time reversed current patterns.

We start with the study of the distribution of the currents in the M-region when the conductance is very
close to zero. The currents flowing on each bond are calculated in terms of the current operator. In Fig.4.11(a),
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0.21517¢

20 and [ =6, at (a)E

0.050289¢(immediately above E3), and (c)E

Figure 4.11: The distribution of currents in the M-region of the junction I with N
0.049565¢ (immediately below Es in the Fig.4.9), (b)E

where G = 0.72636.
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(b)

Figure 4.12: The Fermi energy dependence of (a)V; and (b)Va, together with the conductance, for the junction
Tof N=20and [ =6.

we show the distribution of the currents for the junction I of N =20 and | = 6, at E = 0.049565¢ (immediately
below Es in the Fig.4.9(a).) The currents give rise to clockwise vorticity. When we look at the M-region
carefully, we can observe the circulating currents which form a triangular Kekulé pattern. Interestingly we see
large circulating currents in the M-region as a result of interference between the incoming electron waves and
the reflected electron waves, while the magnitude of the net currents is very small. In Fig.4.11(a), we show the
distribution of the currents for the same junction at £ = 0.05029¢ (immediately above E; in the Fig.4.9(a).) The
overall circular current direction is reversed, i.e anti-clockwise. In Fig.4.11(c), we show the current distribution
at E = 0.21517¢t far away from the zero-conductance dip, where G = 0.72636. Obviously no circulating current
pattern appears in the M-region in this case.

In order to analyze the flux states quantitatively, we introduce the local “vorticity” in the following way.
The vorticity is defined on the dual (triangular) lattice as the clockwise sum of the currents flowing on the
bonds of each hexagonal ring. The local vorticity on the p'" hexagonal ring is given by

Vo=> Tip, (4.44)

where I; , means the current on the i*™® bond of p** hexagonal ring. In order to quantify the total of all circulating
currents flowing in the junction, we take an average of |V,|. Thus this quantity, V1, is given by

> V2l
o1

The summation over plaquettes is taken not only in the M-region of the junction, but also including several

columns on both sides of the M-region, because there is a “proximity effect” of the current pattern, i.e., the

components of circulating currents penetrate into both the left and the right lead lines. Similarly, we also define
the total vorticity of the junction, V5, as

Vi =<|V,| >= (4.45)

2 Y
2,1

This physical quantity represents the direction of the total circulating current component of the junction. In
Fig.4.12, the Fermi energy dependence of vorticity V3 and V3 is depicted for the junction I with N = 20 and
l = 6 in the single conducting channel region. Both Vi and V5, linearly become zero at each energy of zero-
conductance, i.e. not only the total vorticity V5 vanishes, but also no circular currents can be formed in each
individual plaquette(V; = 0). It should be noted that the vorticity V5 changes the sign at each zero-conductance
energy point.

Vo=<V,>= (4.46)
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As we have shown in chapter 3, graphene ribbons with armchair edges can form a triangular Kekulé pattern of
circular current driven by an external magnetic field. This reminds us of the fact that a hexagonal network is sus-
ceptible to a formation of a triangular Kekulé pattern of circular current.
This can be examined by analyzing the susceptibilities in junc-
tions for the formation of a triangular Kekulé pattern of circular

current. We define two “response functions”, called XS) and E1 E2 Es
Xy, as
m_ W @ _ V2
Xv' = and Xy = (4.47) o

The first function is a measure for the presence of circular cur-
rents and the second for the overall vorticity of the system.
Here J is the current passing through the junction from lead L
to lead R. In a single-conducting channel region, J is written
as

J = (1 - |T|2)chad = ‘t|2chad7 (448)

Jlead Jin

where Jjeaq is the incoming component of the current on the
source lead line from one of the reservoirs. Since in expression
of J the currents coming back to the left lead due to the re-
flection are subtracted, the J is the net current flowing into the
junction from the left lead line. In Fig.4.13, we show the Fermi
energy dependence of the lead current (Jjeaq) and incoming cur-
rent (J). The magnitude of the lead current is proportional to Figure 4.13: The Fermi energy dependence of
the group velocity of the conducting channel. Since the energy the lead current, Jiead, and incoming current,
dispersion gets flatter with decreasing the Fermi energy, the 1 for the junction I of N = 20 and [ = 6.
lead current decreases. The current, .J, becomes zero at each

zero-conductance energy. Around each zero-conductance energy, the energy dependence of J is quadratic, i.e.
Jox (E—E;)? with i=1,2,---
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Figure 4.14: The Fermi energy dependence of (a)xg) and (b) xﬁf) for the junction I with N =20 and [ = 6.

At each zero-conductance point, the vortex V; is a linear function of the Fermi energy, i.e. Vi « |E—F;| (i =
1,2,---), while J goes quadratically to zero. Therefore, the vortex V; goes to zero more slowly than the incoming
current. In Fig. 4.14, we show the Fermi energy dependence of two response functions, X§/1) and Xg), for the
junction I with N = 20 and I = 6. The susceptibilities X%,M) show sharp divergences, when E approaches
the energy values of a zero-conductance dip. This means that small driving current J induce large circulating
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currents in the M-region of the junction. We would like to emphasize that Xg/l,z) are not defined at exact

zero-conductance energies, because no driving current J can flow. Despite the fact that there is still a finite
lead current and a current reflected from the junction at each zero-conductance energy, circular currents are
exactly canceled. Consequently, the standing wave as a resonant level is formed by the superposition of a
circular current state and its time-reversed state. The total vorticity measured by xﬁf) changes sign at each
resonance. Therefore, two flux states with opposite vorticity are degenerate at each zero-conductance energy
point, resulting in the formation of the standing wave in the M-region.

The formation of Kekulé-like circulating current vortex pattern can be seen in the Fourier transform

F(k) = }ip cos(k - rp), (4.49)

in

where rp, is the coordinate of the hexagonal ring center, and k. (k,) is wave number along (perpendicular to)

zigzag lines in the junction. When the Kekulé-like trigonal lattice correlation of current vortex develops, the

Bragg peaks appear at q; = %’T (%, %) (or q2 = %’r (0, %)) and q3 = 0. In Fig.4.15, we show the Fermi energy
dependence of the F' (k) at k = 0 and k = q;. Clearly, the Bragg peaks are well developed in the vicinity
of conductance zeros. Thus, we may characterize the quantum states associated with the resonances as fluz
states, in the sense that there is a pronounced correlation among the circular currents of the hexagonal rings. In

Fig.4.15(c), the 3D plot of F (k) close to E = E» is depicted. The pronounced trigonal correlation is confirmed.
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Figure 4.15: The Fermi energy dependence of the response functions, (a) x%,l) and (b) X§/2)7 of the junction I

with N = 20 and I = 6. (c¢)The 3D plot of the correlation of circular current pattern in the M-region close to
E = FEs.

4.2.5 Origin of the zero-conductance resonance

In the previous section, we have seen that the appearance of zero-conductance resonances is related with the
existence of resonant states in the M-region, which is visible as the formation of standing waves in the M-region.
In this section, we explain the appearance of zero-conductance resonances in terms of standard scattering matrix
approach considering the quantum waveguide systems with attached resonator [129,130], following Shao [131]
and Xu [132].

In order to introduce the scattering matrix theory, we first consider the quantum wire with a branch as
shown in Fig.4.16(a). For this three-way geometry, where the branches are denoted by L, R, S for left, right
and side branch, the three outgoing amplitudes with (Og, Or,, Or) are related to the three incoming waves with
(Is, I, Ir) through the 3x3 scattering matrix,

Og Is rss tsn  tsm Is
Oy =S| I = LS TLL tLR Iy, |. (4.50)
Or Ir TRS IRL TRR Ir

The elements of the scattering matrix represent the reflection amplitudes, r;;, and the transmission amplitudes,
t;j, and from branch j to branch i. Here we implicitly assume that each branch has a only single conducting
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channel. Current conservation requires that the scattering matrix is unitary, and time-reversal invariance
constrains S* = S7!, i.e. the scattering matrix to be symmetric. Therefore, in general, there are five independent
parameters under these constraints, and we can express the scattering matrix [133] as

—(a+b) €72 /2
S = el/? a b |, (4.51)
el/? b a

where a = % [\/1 — 2¢ — 1} and b = % [\/1 — 2+ 1]. The parameter €, which varies in the range 0 < € < %,
measures the strength of the coupling between left, right and side wires. Next we close off the side wire, so that
the outgoing wave Og and the incoming wave Ig are forced to satisfy the relation

Os = N(E)Is, (4.52)

where X = ¢/®(®) ig the phase factor which describes the scattering in the resonator S. The energy-dependent
phase ®(E) depends on the details of the resonator geometry.

() (b)
ls Os t-stub
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Figure 4.16: Schematic figure of a wire with a coupled cavity: (a) the quantum wire with a sidearm, (b) the
quantum wire with a t-sub resonator which is obtained by closing off the sidearm.

Combining Egs.(4.50) and (4.52), the above 3x3 scattering matrix can be rewritten as
OL Rin Tir I,
= , 4.53
{ Or ] { Trr  Rrr Ir (4.53)

where 7Ry, denotes the transmission amplitude from left to right, and Ry, is the reflection amplitude for the
left-hand wire. The matrix elements are written as follows.

trst
Tan = tro+ ARS 5L (4.54)
-
trst
Tai = tro+ ARS S (4.55)
-

Note that the transmission amplitudes depend on the characteristics of the side-wire resonator, i.e. A(E). Let
us expand the second term of Eq.(4.54) as follows,

Tr1, = tr1, + tRs % + %Ts% + %Ts%?‘s% + | ts. (4.56)
The geometric series in the brackets describe multiple reflections in the sidearm. Each round-trip in the sidearm
involves a phase factor 1/\. The amplitude tg;, (trs) represents the transmission from the left wire (sidearm)
to the sidearm (right wire), tgy, denotes the transmission without a detour into the sidearm resonator. Thus,
in general, the transmission through the scattering region consists of two independent terms: (i) the straight-
through transmission without detour to the resonator, (ii) the transmission with multiple-scattering in the
resonator. Consequently, this structure of the transmission amplitude gives the following properties in the
complex-energy plane: (i) poles are possible in the geometric series of Eq.(4.56) in analogy to double-barrier
resonant tunneling, and (ii) these poles induce the transmission zeros due to the cancellation of two terms.
Therefore, we can represent the anti-resonance feature in terms of the following Breit-Wigner form,

il'/2 ) t(E)(E — Ep)

- . 45
E—FEy+il/2) E— Ey+il/2 (4.57)

t(E) = {(E) (1 -
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where #(E) is a regular complex function of E and T is the width of the resonance [134]. By using a and b, we
can rewrite the transmission amplitudes as

T = b , 4.58

RL P Tato (4.58)
€

R, = _ 4.59

L N Tatb (4.59)

In this form of 7Ry, the transmission zeros occur at A = —1. For the 1D resonator with an infinite potential

barrier at its end, A = exp (—i2kL), where k is the wave vector. Here L is the length of the attached resonator.
Thus, the transmission zeros occur under the condition for which standing waves form in the resonator, i.e. at
k =ky with k, = Fmand n =1,2....
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Figure 4.17: Numerical results for the junction I with N = 20 and [ = 6: (a) the contour plot of the absolute
value of the transmission amplitude in the complex energy plane. The zero-pole pairs appear at each zero-
transmission energy. (b) The energy dependence of the phase of the transmission.

Next let us consider the behavior of the phase, gy, acquired by the transmission, which is defined by

s(tRL):l
R(trr)

Ory, = tan™? |: (4.60)

Our main interest is the behavior of the phase when the transmission |tz |? passes through zero. Let us consider
the transmission coefficient ¢gry, in the close neighborhood of a transmission zero, 2kL = 2nw + 6. This gives
A = —e 9 The Eq.(4.58) expanded to the second order in 4,

b, . 2ab
— i 4.61
tRL D(S +1 D (5, ( 6 )
where D = (a + b)? + 1 — 2(a + b). Thus, for an infinitesimal value of §,
11 2a

Or1, = tan™* [b&} : (4.62)

Note that a/b < 0. Thus, fgr, = 5 when § — 0~ and gy, = —5 when § < 07. Therefore,
90+ — 90— = —T. (463)

This means that the phase abruptly changes by 7= when the transmission passes through zero.

The junction-I is a more complicated system than the quantum waveguide with attached resonator. Never-
theless, our numerical data are well fitted by the above arguments. In Fig.4.17(a), we show the contour plot of
the absolute value of the transmission amplitude in the complex energy plane for the junction I with N = 20
and [ = 6. We can clearly find the zero-pole pair at each conductance energy points. In Fig.4.17(b), the phase
of the transmission is depicted, where clear m phase jumps are observed at each conductance energy points.
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4.2.6 Negative magneto-resistance

As we have seen, the appearance of conductance zeros is due to the time-reversal symmetry, where the standing
waves form as a result of superposition of two flux states with different chirality. Since the application of
magnetic field destroys the time reversal symmetry, the degeneracy of two flux states is lifted. Thus the zero-
conductance features disappear resulting in a pronounced negative magneto-resistance.
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Figure 4.18: (a) The Fermi energy dependence of the conductance of the junction I with N = 20 and [ = 6
when B = 0 (bold line), B = 2 (dashed line) and B = 8 (broken line), within the single channel region. (b) The
effective magnetic field dependence of the conductance at E = E;, Eo and E3. (c) The plots of G/B? vs B.

For the case of the junction I with N = 20 and I = 6, we show the Fermi energy dependence of the
conductance in Fig.4.18(a), where the normalized magnetic field is set to 0, 4 and 16. The normalized magnetic

field B is given as
2
B= <IZ> x B, (4.64)

where W is the ribbon width in the L-region and d is the cyclotron diameter. As shown in Fig.4.18(a), the
application of the magnetic field indeed removes the zero-conductance dips. In Fig.4.18(b), the magnetic field
dependence of the conductance is shown at the energies of £ = FE;, E5 and Ej3 for the same junction. The
indices Eyj, E2 and FEj3 specify the energy points of zero-conductance, given in Fig.4.18(a). In the strong
magnetic field limit, the conductance becomes one in the whole single-channel region. Thus the applica-
tion of the magnetic field removes the zero-conductance dips, and the system becomes a perfect conductor.

In Fig.4.18(c), the ratio of G/B? vs B are shown. In the
region of B < 1, the G/B2 becomes almost constant. In the
region of B < 1, the conductance clearly has the dependence 20
of the square of B. Thus, the conductance has the quadratic

-10

magnetic field dependence, g %0

G , s

== + (higher order terms) (4.65) = o
where « is a constant factor which represents the susceptibility -60 o 1 . s - Y s 6
of the conductance to the magnetic field. In Fig.4.19, Lin(«) is n

plotted versus the index n which specifies the resonant state of

the standing wave. The bold (dashed) line represents the case

of the junction I with N = 20 (N = 30). Here we plotted the Figure 4.19: Scaling properties of magneto-
case of L = 6,8,10. Interestingly, all data have approximately —resistance(see text).

the same slope . Thus, the factor a has the scaling relation,

a = A(N,L)exp (’y%) . (4.66)
This relation means that the zero-conductance dips at higher energies show stronger magneto-resistance, which
is understood as follows. Leaving from E = 0, the coupling between two edge states is increasing, so that the
strength of currents jg driven by the external magnetic field become larger. Since the magnetic field couples
to the currents jg through the vector potential A with jg - A, the conductance-dips with higher energy show
stronger magneto-resistance.
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4.3 Effects of Single Non-magnetic Impurity or a Lattice Vacancy

Since the flux states originate from the intrinsic chiral feature of graphite, flux states appear if we introduce the
imbalance between two sublattices. Therefore, we can induce flux states not only in the nanographite ribbon
junctions, but also in the zigzag ribbons with strong non-magnetic impurities or a lattice vacancy. As we have
seen in previous section, some of nanographite junctions shows the zero-conductance dip structures in their
single conducting channel region. The origin of zero-conductance is due to the destructive interference of a
conventional and a resonant transmission channel, which is visible as flux states. The appearance of the flux
state is due the imbalance of two sublattices introduced at the M-region. The imbalance of two sublattices can
also be introduced by the existence of non-magnetic impurities or lattice vacancies in a nanographite ribbon.
Thus we expect that these defects also induce the flux states, resulting in a zero-conductance dip. Furthermore,
because of the extension to the 1-dimensional Anderson localization problem and the technological application,
the impurity problem is of importance. Therefore, I study the impurity problem in this section.

4.3.1 Single non-magnetic impurity in graphene sheet

Prior to the discussion of impurity problem in nanographite ribbons, let us consider a single impurity problem
in a graphene sheet. The k - p Hamiltonian having on-site potential impurity on a B site located at rg is given

by o
( k. i)iI%y Ulfsx(; _lkfo) ) < ?‘;83 ) = 5( %28 ) (4.67)

where U is the magnitude of the impurity potential. We adopt the following Fourier transformation to the

above k - p equation,
( ?383 ) - &;( Z: )exp (ik-r). (4.68)

Let us rewrite the onsite potential term in terms of the above Fourier transformation as follows,

Ud(r—rg) F(r Zexp iq-(r + ro) Zbk exp (ik - o) Zexp [ik - (r +1ro)] Go, (4.69)
Kk

where Go =), bre'kro . Therefore we can rewrite the k - p equation as follows,

€A — (km - lky) bk = 0
U
— (ky +1iky) ap +€by, = \/—N exp (ik - rg) Go (4.70)
Then we obtain the following set of equations,
o — (ky —ik,)U  elkroGy
8 VL (k;2 +2) @)
= @ e, |
VL e — (kg + k2)
From the definition of Gy,
- 21kr0G L7
Gy = e = .
0 zk: Z ]{32 +l€2) ( )
we obtain the self-consistent equation
1 21kr0
U~ f Z e —(k2+k2) (4.73)
The normalization of the wave functions is given as
1 2 L 9o x| 2772
N Z |ak| = WU GO Z m = (COnStant) X GOU =1 (474)
k - |€k
and
N Z by | = —UQG Z | PR = (constant) x GEU?¢* =1, (4.75)
€k
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Figure 4.20: (a) The Fermi energy dependence of the conductance together with the phase of the transmission

coefficient, within the single conducing channel region. Here a lattice vacancy is located at the 8A site of zigzag

ribbon of N = 20. (b) The Fermi energy dependence of x%,l) and X%/Q) of the same system.
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Figure 4.21: The schematic figures of the envelope functions for the zigzag ribbon with a single vacancy at
A-site. The case of (a) strong coupling and (b) weak coupling.

Therefore, by o €. In the limit of U — oo, i.e. the case of a lattice vacancy, from Eq.(4.73) a bound state appears
at € = 0. In this limit, the nodes of the wavefunction lie on the B-sites, and only A-sites have amplitude, which
is localized around the vacancy and decays exponentially. Thus, a single vacancy makes a bound state at £ = 0.
If the vacancy is located at the A(B)-sites, A(B)-sites are nodal site and the wave functions of B(A)-sites are
localized around the vacancy and exponentially decay leaving from the vacancy. If the onsite potential energy
U has finite value, the bound state energy deviate from zero.

4.3.2 Influence on transport properties

In this subsection, let us consider the transport properties of the zigzag ribbons with a single lattice vacancy,
i.e. the onsite potential U = co. Here we fix the width of the zigzag ribbon at N=20. The variation of the
ribbon width does not qualitatively change the properties discussed in the following.

In Fig.4.20, we show the Fermi energy dependence of the conductance for the zigzag ribbon with a vacancy
at the 8A-site. As expected, the zero-conductance appears, where we can see clear m-phase jumps of the phase
of the transmission coefficient. We can also see the clear divergence of Xg,l 2) approaching each zero-conductance
point. The reason why we have two zero-conductance points is simple: the vacancy at the 8A-site makes a
impurity level whose charge density has amplitudes only at B-sublattice. This impurity state couples with the
edge state coming from the 1st zigzag line, whose charge density has amplitudes on A-sublattice, and makes a
bonding state and an anti-bonding state. These two levels correspond to the two zero-conductance points.

The amplitude of the edge states decays exponentially leaving from the edge. This character of the edge
state causes that the strength of the coupling between an edge state and a single impurity state depends on the
position of the impurity. In Fig.4.21, we show schematic figures of envelope functions for edge states and the
single impurity state due to an A-site vacancy. The A-site vacancy makes an impurity state whose charge density
is localized at B-sites near the impurity, while the amplitudes of wavefunction on A-sites are zero. Therefore, the
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Figure 4.22: The Fermi energy dependence of the conductance of the zigzag ribbon with a single vacancy for
(a) strong coupling case and (b) weak coupling case.

A-site vacancy located close to 1A-site, as shown in the Fig.4.21(a), the bonding and anti-bonding configuration
is well developed, then the zero-conductance point will appear high energy. Let us call this situation strong
coupling case. On the other hand, the A-site vacancy located close to NB-site, as shown in the Fig.4.21(b), the
bonding and anti-bonding configuration is not well developed, then the zero-conductance point will appear near
E = 0. Let us call this situation weak coupling case.

In Fig.4.22(a), it is shown the Fermi energy dependence of the conductance for various vacancy site in
the strong coupling case. As expected, the position of the vacancy gets closer to 1A edge, the position of
zero-conductance point appear higher energy. In Fig.4.22(b), we show the Fermi energy dependence of the
conductance for the weak coupling case, where the bonding and bonding configuration is not well developed.
Thus, the zero-conductance appears only around E = 0. Interestingly, the position of the vacancy gets closer
to the edge, the system becomes almost ballistic.

4.4 Summary

In this chapter, we studied the transport properties of nanographite ribbon junctions, based on the Landauer
approach.

A single edge state cannot contribute the electron transport due to the non-bonding character, however in
the zigzag ribbon systems the bonding and anti-bonding configuration between two edge states can provide
a single conducting channel. Firstly, we analyzed the single-barrier nanographite ribbon junctions, where we
found the sharp zero-conductance dip structures when we changed the Fermi energy in the single-conducting
channel region. We presented the interpretation of these conductance zeros in terms of the interference effects
involving resonant transmission through resonant states characterized by (i) the formation of standing waves in
the M-region, and (ii) the formation of the Kekulé-like current vortex pattern, i.e. flux states. This allows us to
analyze the conductance zeros in terms of a quantum waveguide with a t-sub resonator. The conductance zeros
can be interpreted by the interference of two conducting channels: (i) the conventional tunneling from left to
right, and (ii) the resonant tunneling which takes a detour through the resonator.

Therefore, the non-magnetic impurity or a lattice vacancy can produce the conductance zeros accompanied
with the flux states. In the cases of non-magnetic impurities, the energy points of the conductance zeros depends
on the strength of overlapping between edge states and the impurity state.



Chapter 5

Conclusions and Outlooks

In this thesis, we have studied the various aspects of low-energy physical properties of nanosize carbon systems
with open boundaries, called “nanographites”. We have found that the existence of graphite edges and their
shapes strongly affects the 7 electronic states in nanosize carbon systems, and showed that nanographites form
a new class of nanoscopic systems. Here I present the conclusions of this thesis and the outlook for the future
studies.

e Electronic properties

The electronic states crucially depend on the topology of sp? carbon networks, especially existence of
the edges and their shapes. A remarkable feature is the appearance of the non-bonding edge localized
states, “edge states”. The edge states appear at zigzag, bearded and cove edges, while they are completely
absent for armchair edges. The condition of the edge states can be also discussed by the formal analogy
to the condition of the Andreev bound states in anisotropic superconductors. According to these criteria,
in general, edges which are not parallel to the armchair edge possess the non-bonding states. When the
system size is of nanometer scale, the edge states make a sizable sharp peak at E = 0 in the density
of states. Since such peaks are completely absent in aromatic molecules, carbon nanotubes and bulk
graphite, nanographites represent a class of nanoscopic systems with new characteristic properties.

e Magnetic properties

The sharp peak in the density of states due to edge states gives strong Pauli paramagnetic response at
low-temperature. The Pauli paramagnetic susceptibility has the form of 1/7% (o« = 1 — 1/N). In the
nanometer-size systems, this contribution competes with the orbital diamagnetic susceptibilities, so that
the crossover from low-temperature paramagnetic to high-temperature diamagnetic response occurs. We
have also shown the possibilities of spin polarization at the edges due to the electron-electron interactions.
Thus our results show that nanographites have magnetic properties more complex than the aromatic
molecules and bulk graphites which show only diamagnetic response.

e Transport properties

Because of the non-bonding character of the edge state, a single edge state cannot contribute to the
electron transport. However, in zigzag ribbons, the edge states can provide a single conduction channel
for electron transport due to the bonding and anti-bonding configuration of two edge states which overlap
from the both edges. In the single-barrier systems of nanographite-ribbon junctions, the conductance
shows rich structures as a function of the chemical potential, in contrast to the carbon nanotubes and
usual quantum wire systems. A remarkable feature is the appearance of antiresonance conductance zeros.
The origin of the conductance zeros is due to the interference of two channels in the junctions: one is
the ordinary transmission through the junction and the other is a resonant channel in the junction. We
also found that each conductance zero is connected with a resonant state; a standing wave which is the
superposition of two degenerate flux states. The flux states, which are visible as the Kekulé-like current
vortex pattern, are susceptible to the current in the vicinity of each conductance zero. Because the origin
of the flux states is due to the intrinsic chiral feature of graphite, i.e. K and K’ have opposite chirality,
a single non-magnetic impurity or vacancy can introduce the flux states with zero-conductance dip. We
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also found that each zero-conductance dips show pronounced negative magneto-resistance, because the
zero-conductance originates from the time-reversal symmetry.

In spite of the long scientific and industrial history of the carbon-related materials, it is surprising that
still many new physical properties can be found in the graphite systems. After the discovery of fullerene
molecules and carbon nanotubes, much research effort has been devoted to nanosize carbon systems with closed
boundaries, where many exotic electronic properties, have been found. However, our work has revealed that
the existence of graphite edges and their shapes in nanosize carbon systems induce the quite different physical
properties not only from bulk graphite and aromatic molecules but also from fullerene molecules and carbon
nanotubes. Therefore, we conclude that nanographite systems form a new class of nanoscopic systems.

Our studies have not only revealed fundamental physical properties in nanosize carbon systems with open
boundaries, but also show that the physics of nanographites can be connected to the fields of meso-, nano-
scopic physics and anisotropic superconductivity. In the rest of this chapter, I will briefly discuss the outlooks
for future studies on nanographites.

(1) Recent tremendous progress in the nanofabrication techniques has made it possible to develop the
ultrasmall devices with nanometer-length scale. The promising goal of this research effort is the development of
atomic or molecular scale electronic devices, which not only could increase the device density in an integrated
circuit enormously, but also the operation principles of of a single transistor could be fundamentally different
from ordinary electronic devices [135,136]. Actually, a three-terminal switching device that consists of one
carbon nanotube was developed. As we have seen in the Chapter 4, nanographite ribbon junctions show very
rich behavior of conductance as a function of the chemical potential. Since the chemical potential can be
controlled by the gate voltage, these conductance features provide a wide range application of nanographite
junctions for the electronic devices. For example, in a single barrier junction, a state can be switched from “on-
state” of conducting state to “off-state” of conductance zeros, or vice versa, by controlling the gate voltage. A
single barrier nanographite junction provides anti-resonance conductance zeros, however, we can also produce the
resonance transmission in the double barrier nanographite junctions, in which the spacing between resonances
can be controlled by the distance between two barriers. These pronounced features of resonant transmission
can be used as carbon-based quantum dots. Thus, the nanographite junctions could serve as the carbon-based
nanosize switching electronic devices.

(2) In the chapter 4, we have discussed the effect of short-range impurities on transport properties, where we
find that the conductance depends on the position of the impurity. However we have to consider the weak onsite
disorder problem in future in order to examine the possibilities of the application of nanographene ribbbons
as nano-quantum wires. Since the weak disorder problem is closely connected to the Anderson localization
problem, it is interesting not only from viewpoint of technological application, but also from a purely scientific
viewpoint.

(3) Although, in the nanosize carbon systems, the topology of the network is crucial for the electronic
properties, recently the effects of electron correlations in carbon nanotubes is discussed based on the concept
of Tomonaga-Luttinger liquids As we have seen in the chapter 3, the mean field treatment of the electron
correlation causes the opening of a small gap at the Fermi level with a spin polarization. Of course there is not
real order in the one-dimensional system. However, this implies that there are possibilities that the electron
correlation causes the significant influence on the low-energy magnetic and transport properties. This problem is
quite challenging for future studies. Furthermore, it was reported recently that some fluorinated carbon systems
induces a spin polarization, leading to the interaction between conduction electron and magnetic impurity, i.e.
the Kondo problem.

(4) In the chapter 2, we have revealed that quasiparticle spectrum of the graphite can be viewed as that
of an odd-parity (f-wave) superconductor within a formal analogy. Thus this system exhibits also a kind of
Andreev reflection like superconductors though the “electron” and “hole” are different quasiparticles. It would
be interesting to study the system in contact with superconductors. In particular, the Josephson effect through
nanographite ribbons might have interesting new properties in mesoscopic systems.

Finally, we have investigated the low-energy physical properties of edge states in nanographite systems. We
have found that nanographites form a new class of nanoscopic carbon systems due to the existence of the edge
states, where the edge states play a crucial role in the electronic, magnetic and transport properties. Up to
now, the manipulation of graphite in the nanoscale encounters various difficulties. However, the recent rapid
progress of nano-fabrication techniques will allow for the control of graphite in the nanoscale. So I believe that
our theoretical studies of the edge states will be confirmed in the next century.
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