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Magnetic and Transport Properties of
Nanographites

KATSUNORI WAKABAYASHI

Yukawa Institute for Theoretical Physics, Kyoto University, Kyoto 606-8502,
JAPAN, and Institute of Materials Science, University of Tsukuba,
Tsukuba 305-8573, JAPAN

Magnetic and transport properties of nanographites are investigated in graphite ribbons with
zigzag and armchair edges. One of the most remarkable features of these systems is the
appearance of edge states, strongly localized states near zigzag edges. Because the edge
states lead to a sharp peak of density of states at the Fermi level, the graphite ribbons with
zigzag edges show Curie-like temperature dependence of the Pauli paramagnetic susceptibil-
ity. This paramagnetic contribution competes with the orbital diamagnetism, leading to a
crossover from high-temperature diamagnetic behavior to low-temperature paramagnetic
behavior in nanographite ribbons with zigzag edges. The edge states are also responsible for
the low-energy electronic transport properties. Here we study the junctions connecting nano-
graphite ribbons of different width by the Landauer approach. The conductance as a function
of the chemical potential shows rich structure and a large number of dips of zero conduct-
ance. The perfect reflectivity originates from the formation of standing wave resonances in
the junction region.

Keywords: nanographite; edge state; magnetic susceptibility; conductance
INTRODUCTION

After the discovery of fullerene molecules and carbon nanotubes, theoretical
and experimental research has focused on various nanometer size carbon
materials[1]. In this paper, we study nanometer-size graphite fragments,
called “nanographites”. In these systems, the edges and their shapes cru-
cially affect the 7 electronic states, because the effect of the edges is not
negligible in nanoscopic systems. There are two typical shapes for graphite
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edges, armchair and zigzag. A simple and useful model to study the elec-
tronic states of nanographites is the graphite ribbon ( see Fig.1 ). By using
the tight binding model, Fujita and co-workers have found localized states
near the zigzag edge (“edge states”)[2]. Since the edge states introduce a
sharp peak in the density of states at the Fermi level, the electronic states
of nanographite are different from that of both aromatic molecules and a
graphite sheet. We show that the edge states play an important role in the
magnetic and transport properties of nanographites.

ELECTRONIC PROPERTIES OF NANOGRAPHITES

In this section, we introduce the electronic states of nanographites based on
the tight binding model{2,3], in graphite ribbons with armchair and zigzag
edges shown in Fig. 1. The ribbon width N is defined by the number of
zigzag ( dimer ) lines for zigzag ( armchair ) ribbons, We call the A(B)-
sublattice on the nth zigzag ( dimer ) line as the nA(nB) site. We assume
edge sites are terminated by H-atoms. The energy bands were previously
analyzed by both tight binding model and first-principle calculations[2-4].

The zigzag ribbons are metallic for all N. The energy band structure
of N = 20 is shown in Fig. 2(a). One of the remarkable features is the
appearance of partly flat bands at the Fermi level, where the electrons are
strongly localized near zigzag edges. The analytic solution of the edge state
for a semi-infinite graphite sheet with a zigzag edge ( 1A and 1B site shall
be the edge sites and N is infinite in Fig. 1(a)) can be expressed as,

¢11A = DI?_lv ¢YIB = 07 (1)

where ¢, 4 (¢np) means the amplitude of the edge states on nA (nB) site
and Dy = —2cos(k/2). It is worth noting that the edge state has a non-zero
amplitude only on one sublattice, i.e. non-bonding character. Because of
the convergence condition of the edge states, the wave number k£ must be

FIGURE 1 The structure of graphite ribbons with (a) zigzag edges (b)
armchair edges. The rectangle with the dashed line is the unit cell.
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FIGURE 2 The energy band structure of graphite ribbons with zigzag edges
( (a) N=20 ) and armchair edges { {b) N=20, (¢} N=21, (d) N=22 ).

2n/3 < k < m, where [Di| < 1. In this k-region, the edge states make a
flat band at E=0 (Fermi energy). It should be noted that at ¥ = = the
edge states are perfectly localized at the 1A sites, but at k¥ = 27/3 the edge
states are completely delocalized. However, when we consider the zigzag
ribbons, two edge states, which come from both sides, will overlap with
each other and develop the bonding and anti-bonding configuration. The
magnitude of the overlap becomes larger when the wave number approaches
27 /3, because the penetration length of the edge states gets larger there.
Therefore, the partly flat bands have a slight dispersion, which depends on
the ribbon width N. The energy dispersion is given by,

Ey = -2NDJ! (1 — cos (g)) . (2)
From this equation, around & = =, the spectrum is approximated by E ~
{m — k).
The DOS related to the edge states has the form,
ok 1 tw
= —~ —® fi —
p(e) % N or € K ~ (3)

where a = # — 1. It is found that the contribution of the edge states to
the renormalized DOS gets smaller, if the ribbon width get larger. The
energy band structure of armchair ribbons are shown in Fig. 2 (b)-(d) for
N = 20,21, 22. The armchair ribbons do not have edge states and become
metallic for N = 3m — 1 and semiconducting for N # 3m — 1, where m is

any integer.
MAGNETIC PROPERTIES OF NANOGRAPHITES

In this section we discuss the magnetic susceptibility of graphite ribbons(3].
There are two contributions to the observed magnetic susceptibility x: the
orbital diamagnetic contribution y,., due to the itinerant nature of the =

9
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FIGURE 3 (a) The Fermi energy dependence of the orbital magnetic suscep-
tibility xorp of graphite ribbons at T = 0. (b) The temperature dependence
of the orbital magnetic susceptibility x,rs of graphite ribbons.
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FIGURE 4 (a) The temperature dependence of xp of graphite ribbons.
(b) The temperature dependence of total susceptibility X = Xors. + xp Of
graphite ribbons.

electrons and the Pauli paramagnetic contribution xp due to the electron
spin. The orbital magnetic susceptibility x.r» of graphite ribbons is calcu-
lated in terms of the 2" derivative of the free energy with respect to the
magnetic field.

In Fig 3(a) and (b), the Fermi energy dependence of x,,;, at T=0 and its
temperature dependence are shown. In these figures, W means the ribbon
width in units of the lattice constant and 8 = 1/kgT. It is found that the
Xorb Scales as a function of the Fermi energy, temperature and ribbon width.
We can easily find that the edge effect becomes more important at lower
temperature.

Next we show the Pauli susceptibility yp of zigzag ribbous up to room
temperature in Fig. 4(a) for various values of N. Remarkably xp has a
Curie-like temperature dependence. At very low temperature, xp has the
form xp ~ %7T°, which originates from the DOS of the edge states (Eq.(2)).

The temperature dependence of the total susceptibility ¥ = Xors. + Xp IS
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FIGURE 5 The structure of nanographite junctions with (a) an armchair
edgé and (b} zigzag edges in junction region.

shown in Fig. 4(b). The total susceptibility x shows diamagnetic behavior
for high temperature and paramaguetic behavior in the low-temperature
regime. Note that both aromatic molecules and butk graphite have diamag-
netic behavior, while nanographites with zigzag edges have a remarkable
paramagnetic behavior at low temperature due to.the edge states. This
behavior of magnetic susceptibility is found in experiments on graphitized
nanodiamond and activated carbon fiber[3,6].

TRANSPORT PROPERTIES OF NANOGRAPHITES

Now let us study the electronic transport properties through junctions con-
necting zigzag ribbons of different width in order to clarify the influence of
the edge states on the transport properties[8]. Since the edge states have
non-bonding character, it seems that they are not responsible for the trans-
port properties. However, in the graphite ribbons of finite width with two
edge states which come from both sides overlap each other, make a slight
dispersion, and provides so one channel for the electron transport.

In this paper we calculate the structure of the two nanographite junc-
tions depicted in Fig.5. One has an armchair edge in the junction region,
but the vther zigzag edge. We define that the width of the left(right) hand
side Jead as n (m). We use Landauer formula, G = %T, to evaluate the con-
ductance of the nanographite junctions, where T is transmission probabil-

ity. The transmission probability is calculated by recursive Green function,

method based on the tight binding model[7).

In Fig. 6 the energy dependence of the conductance in units of % Here
we fixed m=50 and change n = 10, 20, - - -, 50. When n decreases, the mag-
nitude of the conductance gets smaller for both cases of junctions, because
the length of the junction region becomes longer. When we focus on the
low-energy region, we can easily find the striking difference in the conduc-
tance, While the conductance of junctions with an armchair edge introduce
no pronounced dip structure and quite smooth energy dependence shown

11
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FIGURE 6 The energy conductance of nanographite junctions with (a) an
armchair edge and (b) zigzag edges in junction region.

in Fig.6(a}, the junctions with a zigzag edge has many zero-conductance
points as dip-structures shown in Fig. 6(b). This perfect reflectivity origi-
nates from the formation of standing wave resonances in the junction region.
Because these standing waves originate from the quantum interference ef-
fects, the magnetic field can easily remove the zero-conductance dips, so
that a pronounced negative magneto resistance occurs(8].
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