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Nanosized graphite �nanographite� is unique carbon material with localized spins originating from the
nonbonding �-electron state �edge-state� on their edge sites instead of the diamagnetic properties of bulk-sized
graphite. Activated carbon fibers �ACFs� consist of a three-dimensional disordered network of nanographite
metallic domains and have large specific surface areas due to the presence of nanosized pores �nanopores�. The
electron transport in ACFs can be explained by the Coulomb-gap-type variable hopping between nanographite
domains, and it exhibits a large positive magnetoresistance at low temperatures. This magnetoresistance de-
creases significantly upon magnetic oxygen adsorption, in spite of its insensitivity to nonmagnetic molecular
species such as nitrogen, argon, and helium. This result suggests the presence of a strong interaction between
the oxygen molecule spin and edge-state spin. The strong effect of oxygen adsorption on magnetotransport is
theoretically explained in terms of the interaction between the electric dipole moment of the edge-state
�-electron and electric quadrupole moment of the adsorbed oxygen molecule. Theoretical calculation repro-
duces the experimentally reported strength of the exchange interaction between the oxygen molecule spin and
edge-state spin, in addition to the behavior of the magnetoresistance.
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I. INTRODUCTION

Fujita et al. opened a new horizon in the research on
disordered nanographene with their proposed theory on the
edge-shape effect on the electronic structure of
nanographite.1,2 The most important contribution of their
work was the clarification of the edge-shape dependence of
the electronic structure of nanographene ribbons. The elec-
tronic structures of nanographene in the case of armchair-
and zigzag-shaped edges differ completely. In the former
case, the electronic structure of nanographene is the same as
that of two-dimensional bulk-sized graphite with the continu-
ous thickening of the nanographene ribbon width. At k=0,
the bottom of the �*-conduction band and top of the
�-valence band degenerate, thereby resulting in E�k� being
linear with respect to k. In the latter case, a dispersionless
band, which is attributed to the nonbonding �-electron state
�edge state�, appears around the Fermi energy in the region
of the wave number 2� /3� �k���. Due to the survival of
this band at the hydrogen-terminated edge, it originates not
from the �-dangling bond but from the nonbonding �-orbital
localized around the zigzag edge. In particular, at �k�=�, the
state is completely localized along the zigzag-edge sites with
its wave function decaying into the interior of the nan-
ographene ribbon as k approaches 2� /3.

In recent studies, the presence of an edge state on
hydrogen-terminated zigzag-shaped graphene edges has been
confirmed experimentally by scanning tunneling microscopy
and spectroscopy.3–5 The edge states localized around the
graphene edge region have localized spins that interact with
the �-conduction electrons. This is similar to the s-d inter-
action in traditional metal magnets. Therefore, edge-state

spins are considered to be the building blocks for designing
carbon-only magnetic systems. In fact, the ferromagnetism
of edge-state spins is theoretically predicted.6 They are also a
key ingredient in cooperative phenomena such as the Kondo
effect,7 giant magnetoresistance effect,8 etc., which are gov-
erned by the interaction of conduction electrons with local-
ized spins.

Activated carbon fibers �ACFs� are one of the important
nanographite-based materials used for examining the anoma-
lous electronic and magnetic features of nanographites in
which edge-state � electrons play an important role. ACFs
consist of a three-dimensional disordered network of nan-
ographite metallic domains, each of which is a stack of three
to four nanographene sheets with a mean in-plane size of
2–3 nm. According to previous studies,9,10 the presence of
edge-state spins induces an anomalous electron transport
phenomenon, i.e., ACFs exhibit a large positive magnetore-
sistance at low temperatures11 the value of which approaches
almost 670% at 15 T and 2 K �Ref. 12�. This phenomenon
can be explained in terms of the interaction between the
edge-state spin and �-conduction electron �described later�.
In addition, the nanopores surrounded by nanographite
domains, which provide large specific surface areas
��2000 m2 g−1�, can accommodate a large volume of guest
species through physisorption and chemisorption processes.
It is reported that molecular adsorption strongly affects elec-
tronic and magnetic properties,12–16 even when the phys-
isorption driven by van der Waals interaction is responsible
for the adsorption mechanism. It is observed that the signifi-
cant condensation of helium at room temperature accelerates
the dissipation of energy from the edge-state spins to the
environment.13,17 Moreover, physisorbed guest molecules
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induce a transition from the high spin state to low spin state
in the edge-state spins through the adsorption-induced struc-
tural change.15 In the case of molecular adsorption in ACF
nanopores, the study of magnetic oxygen molecules, which
have localized spins �S=1�, yield interesting results. Interest-
ingly, our recent study revealed that the adsorption of mag-
netic oxygen molecules significantly reduces magnetoresis-
tance �ca. 40%�, in spite of its insensitivity to nonmagnetic
molecular species.12

It is considered that the conduction mechanism in ACF
nanographite networks differs from that of the impurity band
of conventional semiconductors, which have shallow-
impurity bands. The electron hopping process between nan-
ographite domains, wherein the interdomain wave-function
overlap is relatively small, plays a critically important role in
this mechanism. In fact, the anomalous large positive mag-
netoresistance can be explained by the spin-polarization ef-
fect in the hopping process,12,18,19 i.e., the spin of the elec-
tron allowed to hop from a nanographite domain to the one
adjacent to it is required to be antiparallel to the spin of the
electron that was in the adjacent domain, as shown in Fig. 1.
The significant change in magnetoresistance induced by oxy-
gen uptake is attributed to the antiferromagnetic internal field
of oxygen molecules. The adsorption of magnetic oxygen
molecules reduces the effective field acting on the edge-state
spins by the compensation of the external field by the anti-
ferromagnetic internal field of oxygen molecules. This
mechanism indicates that there exists a strong antiferromag-
netic interaction between the oxygen molecule spin and
edge-state spin in nanographite domain. Based on the analy-
sis of the experimental result, the magnetic interaction is
estimated to be −6 to −8 K �Ref. 12�. The strength of the
interaction cannot be explained by considering only the mag-
netic dipole-dipole interaction, which plays a major role in
ordinary physisorbed systems.

The objective of this study is to clarify the microscopic
mechanism of the electron hopping process between nan-
ographites with regard to the anomalous magnetotransport
observed in nanographite networks and its molecular adsorp-
tion effect, based on the experimental data provided in Ref.
12. Sections II and III describe the microscopic origin of the
interaction between the oxygen molecule spin and edge-state

spin and mechanism of the hopping process between nan-
ographite domains, respectively.

II. ORIGIN OF THE EFFECTIVE FIELD INDUCED BY
OXYGEN MOLECULE SPINS

Takahara et al.12 explained the oxygen-adsorption-
induced decrease in magnetoresistance on the basis of the
exchange coupling −2z�-OxJ�-Oxs ·S between an oxygen mol-
ecule spin S and edge-state spin s. Here, z�-Ox and J�-Ox are
the number of nearest-neighbor-adsorbed oxygen molecules
around one edge-state spin and exchange interaction param-
eter, respectively. Based on the detailed analysis of the ob-
served magnetoresistance, they estimated �z�-OxJ�-Ox� to be
in the range of �−6 to −8 K, where �z�-OxJ�-Ox� is the av-
erage of the parameter z�-OxJ�-Ox randomly varying in space.
The strength of the interaction cannot be explained only in
terms of the magnetic dipole-dipole interaction, which is in
the strength range of �0.1 K and plays a major role in ordi-
nary magnetic species physisorbed in magnetic hosts. There-
fore, it is important to clarify the microscopic origin of its
large interaction.

Due to the absence of electric dipole in an oxygen mol-
ecule, the electric dipole-dipole interaction cannot be a can-
didate of the interaction. Therefore, we first focused on the
interaction between the electric quadrupole moment Q of an
oxygen molecule and electric dipole moment � of an edge
state as a candidate for the interaction �Fig. 2�. There should
be finite electric dipole moments on the edge sites of the
nanographite terminated by functional groups; among these,
hydrogen atom is the simplest. The Q-� interaction is ex-
pressed as follows:

ĤQ−� =
3Q�

2RQ−�
4 �cos ���3 cos2 �Q − 1�

− 2 cos �Q sin �Q sin �� cos �� , �1�

where RQ-�, �Q, ��, and � are the absolute value of the
distance vector RQ-� between the electric dipole � and elec-
tric quadrupole Q, angle formed by the intersection of the

FIG. 1. Allowed and forbidden hopping paths depending on the
spin orientation between the edge-state spins on adjacent nan-
ographite domains.

FIG. 2. Electric dipole-quadrupole interaction between the edge-
state spin and oxygen molecule spin. �, Q, RQ-�, �Q, and �� are the
electric dipole on the edge-site of a nanographite, electric quadru-
pole moment of an oxygen molecule, distance vector between the
centers of the electric dipole � and electric quadrupole Q, angle
formed by the intersection of the molecular axis of oxygen with
vector RQ-�, and angle formed by � with vector RQ-�, respectively.
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molecular axis of oxygen with vector RQ-�, angle formed by
� with vector RQ-�, and difference between the azimuth
angles ��=��−�Q�, respectively. Hereafter, we neglect � by
averaging it. Then, Eq. �1� is expressed as follows:

ĤQ−� =
3Q�

2RQ−�
4 cos ���3 cos2 �Q − 1� . �2�

The electric quadrupole moment is defined as

Q =
1

2	
i

e�3 cos2 �i − 1�ri
2, �3�

where i, e, and �i are the index of the electron in the oxygen
molecule, charge of the electron, and angle formed by posi-
tion vector ri of the ith electron with the molecular axis,
respectively. The experimental values of Q obtained by the
optical birefringence method20 and microwave collision21 are
−2.82	10−25 and −5.3	10−27 esu cm2, respectively. Using
geometrical parameters,22 the calculated value of Q for the
oxygen molecule in the ground state 3
g is estimated to be
−2.90	10−25 esu cm2,


	
i

yi
2� = 
	

i

zi
2� = 1.68 Å2, 
	

i

xi
2� = 7.71 Å2,

�4�

this value is in good quantitative agreement with that esti-
mated by the birefringence method. In fact, the observed
value derived from the microwave collision is not suffi-
ciently convincing due to the difficulty involved in the ex-
perimental technique of the line width measurement in mi-
crowave spectrum and subsequent analysis of the
measurement. Therefore, for the calculation in this study, we
consider the value obtained from the birefringence method.

In the electronic structure of the oxygen molecule ex-
pressed as O2: �KK�z��2�y��2�x��2�w��4����2�, the outer-
most orbital is an antibonding orbital ����2 with triplet state
�S=1� of �x

*2p ,�y
*2p, where the molecular axis is the z axis

shown as Fig. 3. The wave function of the antibonding �x
*2p

is expressed as follows:23

�g = �A,2px� − �B,2px� , �5�

where A and B represent the oxygen atoms constituting an
oxygen molecule, as shown in Fig. 3. The wave function of

the antibonding �y
*2p is also expressed in a manner similar

to Eq. �5�.
The wave function of the edge state localized at the zig-

zag edge of the nanographene ribbon propagates as exp�ik ·r�
uk�r� along the direction parallel to the edge. The dispersion-
less edge-state at the Fermi energy has a �-function-type
density-of-states peak in the region of the wave number
2� /3� �k���, while it extends internally from the zigzag
edge as �k� approaches 2� /3. Although we need to discuss
the edge state based on such a band model, we consider it to
be the local state in order to avoid complexity. In addition,
the zigzag edge in actual nanographite domains in ACFs
does not have any regular structure, as opposed to that dis-
cussed in theory. To simplify the subsequent calculation pro-
cedure, a localized wave function C�exp�−r /aC� is em-
ployed instead of the Wannier function; in this function, aC is
the decay length.

The exchange interaction parameter J is estimated in the
second-order perturbation with a perturbed Hamiltonian

ĤQ-� of the electric dipole-quadrupole interaction. In this
calculation, we consider � electrons localized at the zigzag
edge of a nanographite; this edge also functions as an ad-
sorption site for oxygen molecules. Based on the Franck-
Condon principle, it is considered that �Q, ��, and RQ-� are
constant during the electron hopping event. The proposed
second-order perturbation process is mediated by the ad-
sorbed oxygen molecule, as shown in Fig. 4. In this process,
the electron labeled 2 is transferred from the antibonding
orbital ����2 of the triplet state of an oxygen molecule,
wherein highest occupied molecular orbital �HOMOs�
3
g�O2,↑

1

↑
2

� are occupied by electrons labeled 1 and 2, to the

empty edge state of the zigzag edge. Next, the system returns
to the initial state via the inverse process. Based on the dou-
bly degenerate ionized oxygen molecule state 2�g�O2

+,↑
1

�,

Coulomb interaction between a positively ionized oxygen
molecule O2

+ and negatively charged nanographite domain
−e2 /RQ-�, and energy change in the nanographite domain
during the electron hopping event under the assumption that
the screening effect is absent, the second-order perturbation
energy �E2 is expressed as follows:

FIG. 3. Antibonding orbital of an oxygen molecule consisting of
oxygen atoms A and B. The molecular axis is along the z axis.

FIG. 4. Second-order perturbation process induced by Hamil-

tonian ĤQ-� between an oxygen molecule and zigzag edge-state.
The three small arrows �up/down� labeled 1, 2, and 3 denote the
electron spins.
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�E2 =

2��3
g�O2,↑
1
↑
2
�,C�↓

3
��Ĥ�Q−��2�g�O2

+,↑
1
�,C�↑

2
↓
3
���2

�E�3
g� + E�C�↓
3
�� − �E�2�g� + E�C�↑

2
↓
3
�� −

e2

RQ−�
� , �6�

where C is the wave function localized at the edge site in
the nanographite and E�3
g�, E�2Pg�, E�C�↓

3

��, and

E�C�↑
2

↓
3

�� are the energies of the oxygen molecule in the

triplet state 3
g, ionized oxygen molecule �O2
+� in the doublet

state 2Pg, nanographite before the electron hopping, and nan-
ographite after the electron hopping, respectively. Thus,
C�↓

3

� and C�↑
2

↓
3

� express the doublet state whose HOMO is

occupied by the electron labeled 3 and singlet state occupied
by electrons labeled 2 and 3, respectively. The denominator
of Eq. �6� can be described using the ionization energy
EI,O of the oxygen molecule and electron affinity EA,C of the
nanographite, these are given by the following relationships:

EI,O = E�2�g� − E�3
g� and EA,C = E�C�↓
3
�� − E�C�↑

2
↓
3
�� .

�7�

The factor “2” of ���Ĥ��� in Eq. �6� is required for the doubly
degenerate ����2 of the oxygen molecule. This process is
effective only if the distance between the oxygen molecule
and zigzag edge is small; this is because an electron belong-
ing to an oxygen molecule in the initial state is transferred to

the zigzag site by perturbation ĤQ-�, as shown in Eq. �6�. In
this case, factor exp�−2RQ-� /a� is required as the overlap of
the wave functions between the edge state and oxygen mol-
ecule, where RQ-� and a are the distance between the edge
state and oxygen molecule and decay length of the wave-
function overlap between the zigzag edge and oxygen mol-
ecule, respectively, and RQ-��a. If there are z�-Ox number of
adsorbed oxygen molecules around the edge state and all
the oxygen molecules are assumed to have the sample
strength of the interaction, then �E2 is expressed as
follows:

�E2 =

2z�−Ox exp�− 2RQ−�

a
�� 3Q�

2RQ−�
4 cos���3 cos2 �Q − 1��2

− EI,O + EA,C +
e2

RQ−�

. �8�

To evaluate the above equation, following parameters are
adopted:

z�−Ox ~ 4 �Ref. 24�, Q = − 2.82

	 10−25 esu cm2 �Ref. 20� ,

a = 0.2 nm, � = �1 − 2� 	 10−18 esu cm,

�cos ���3 cos2 �Q − 1��2 � f��Q,��� = 2,

EI,O = 12.07 eV �Ref. 25�, EA,C = 4.6 eV �Ref. 26� .

�9�

Here, the number of adsorbed oxygen molecules around the
edge state �z�-Ox�4� is based on the mean of the number of
coordinating oxygen molecules to an oxygen molecule ad-
sorbed in ACFs.24 It is reduced from 6, which is the number
of the nearest-neighbor oxygen molecules around an oxygen
molecule adsorbed on the graphite plane with a hexagonal

regular lattice.27 The employed decay length—
a�0.2 nm—is estimated from the sizes of the wave func-
tions of graphitic �-orbital �aC�0.17 nm, obtained from
Ref. 28� and oxygen molecules ��0.18 nm, obtained from
Ref. 22�. The estimated value of �cos ���3 cos2 �Q−1��2 is
considered to be the intermediate value as it varies between 0
and 4. The electron affinity EA,C of nanographites is assumed
to be the same as that of bulk-sized graphite �4.6 eV�.26 The
dipole moment at the nanographite edge depends on the type
of functional groups bonded to the edge carbon atoms. The
plausible functional groups are considered to consist of oxy-
gen, hydrogen, and carbon atoms, in which a phenol group
�-OH�29 with a dipole moment of 1.224	10−18 esu cm �Ref.
30� is among the most typical ones, while the dipole moment
of C–H and C–O bonds are 0.4 and 0.74	10−18 esu cm, re-
spectively. Therefore, we employ �= �1–2�	10−18 esu cm
in the calculation in this study.

In this section, we discuss the interaction between the
oxygen molecule spin and edge-state spin on the basis of the
exchange interaction strength experimentally observed be-
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cause we do not have any convincing value of the distance
between the adsorbed oxygen molecules and carbon atom at
the edge-state. Based on the observed strength of �z�-OxJ�-Ox�
ranging from −6 K to −8 K �Ref. 12�, RQ-� is estimated to
be 0.45–0.46 and 0.41–0.42 nm for �=2	10−18 esu cm and
�=1	10−18 esu cm, respectively. The DFT calculation of
the oxygen molecule adsorbed on the surface of the infinite
graphene sheet suggests that the value of RQ-� is in the range
of 0.3–0.36 nm �Refs. 31–33�, which is smaller than the
estimated value of RQ-� by 10%–40%. In the case of the
oxygen molecule adsorbed around the edge of the nan-
ographene, wherein the edge-state spins are localized, bulky
functional groups bonded to the edge carbon atoms prevent
the adsorbed oxygen molecule from approaching the carbon
atom. Therefore, the estimated range of values of RQ-�
��0.41–0.46 nm� is considered to be reasonable for the in-
teraction.

From the above calculation, we can successfully explain
the mechanism of the microscopic origin of the antiferro-
magnetic exchange interaction between the edge-state spin
and adsorbed oxygen molecule spin. Eventually, the primary
reason for the large z�-OxJ�-Ox is the large electric quadrupole
moment Q of the oxygen molecule. At this point, it should be
noted that the conventional superexchange interaction, which
is operative in most of the existing molecular magnetic sys-
tems, cannot contribute to the interaction in this case. This is
because the distance RQ-� is too large for the superexchange
interaction to operate.

III. HOPPING PROCESS BETWEEN ADJACENT
NANOGRAPHITE DOMAINS

In this section, we discuss the electron hopping process
between nanographite domains based on the discussion in
Sec. II. In particular, we focus on the effect of oxygen ad-
sorption on magnetoresistance. The important conclusion ob-
tained in Sec. II is that the oxygen molecule spins create a
strong internal field acting on an edge-state spin via the elec-
tric dipole-quadrupole interaction between the edge site of
the nanographite and adsorbed oxygen molecule.

The effective field He,� acting on the �-electron spins is
operative only when the oxygen molecules are near the edge-
state; this field can be expressed as follows:

He,� = H + H�−Ox = H + � 2

NOx�gOx�B�2 �z�−OxJ�−Ox��MOx,

�10�

where H, H�-Ox, NOx, gOx, �B, and MOx are the applied field,
internal field of the oxygen molecules acting on the edge-
state spin, number of adsorbed oxygen molecule spins, g
value of the oxygen molecule, Bohr magneton, and magne-
tization of the adsorbed oxygen molecule spins, respectively.
The internal field H�-Ox operates antiparallel to the applied
field H, as shown in Fig. 5. In a high magnetic field
��5–10 T�, wherein a large magnetoresistance is observed,
the Zeeman splitting shown in Fig. 5 satisfies the conditions
exp�� /kBT��1 and exp��� /kBT��1 for the cases without
and with the adsorbed oxygen molecules, respectively. In the

above-mentioned conditions, the Zeeman splittings � and ��
for the edge-state spin sz=1/2 are described in terms of the
applied field H and effective field He,� as follows: �
=g��BH and ��=g��BHe,�. This is because H and He,� are
in the range of �5–15 T for the corresponding temperatures
�2–4 K� considered in this investigation. Under these condi-
tions, the calculated magnetoresistance �R /R�0� is expected
to exhibit a strong magnetic-field dependence, as is clarified
in the subsequent discussion. At this point, we should take
into account the remarks provided by Fujita et al.:1 In a
nanographene ribbon, the magnetic moment at each zigzag-
edge site �edge-state spin� m= �n↑�− �n↓� is considerably
smaller than 1. In the above-mentioned equation, n↑ and n↓
are the occupation probabilities of spin 1/2 and spin −1/2,
respectively, on the site. With a decrease in the on-site Cou-
lomb repulsion U, m approaches zero. According to Ref. 1,
m=0.19�B when U / t=0.1 is considered to be the realistic
value for nanographene; here, t denotes the transfer integral
between the nearest-neighbor carbon atoms. Therefore, we
define the effective Bohr magneton �̄B taking into account
the factor m��0.19� as �̄B=m�B, and � and �� are changed
to �=g�̄BH and �� =g�̄BHe,�, respectively.

Next, we consider the hopping process between two
neighboring nanographite domains C and C� wherein the
electron i in domain C is transferred to C� for the following
cases: �a� without and �b� with the adsorbed oxygen mol-
ecules.

Case �a�. In this case, the edge-state spin is subjected to
only the applied field H because no adsorbed magnetic oxy-
gen molecules exist in the system. In the case of doped semi-
conductors such as germanium, silicon, and materials de-
rived from them, the Bohr radius is more than 10 nm �Ref.
34�. Thus, the overlap of the wave functions governs the
electron transport. However, in ACF nanographite networks,
the decay length of the wave function of the nonbonding
�-electron at the edge-site is in the range of �0.2 nm, as
discussed in Sec. II. Therefore, a long-ranged electric dipole-
dipole interaction is required for the electron hopping be-
tween nanographite domains. The dipole-dipole interaction is
expressed as follows:

FIG. 5. Zeeman energies of the edge-state spin �a� without and
�b� with the adsorbed oxygen molecules. The effective field acting
on the edge-state spin is expressed as He,�=H+H�-Ox, where H�-Ox

is positive when H is negative and vice versa.
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Ĥ�−� = −
�2

R�−�
3 �2 cos �C cos �C�

− sin �C sin �C� cos��C − �C��� , �11�

where R�-�, �C/C� and �C/C� are the distance between the
electric dipoles �, angle formed by the vector R�-� and � in
the nanographite domains C or C�, and azimuth angle of � in
the nanographite domains C or C�, respectively. The matrix

element of Ĥ�-� is obtained as follows:

�C�↓
i
�C��↑

j
��Ĥ�−��C��↓

i
↑
j
�� = ��ini�Ĥ�−���fin� , �12�

where ↓
i

and ↑
j

are electrons i and j with down and up spins,

respectively. Thus, the probability of hopping Wa is ex-
pressed as follows:

Wa =
2�

�
���ini�Ĥ�−���fin��2na�C;↓

i
�na�C�;↑

j
�

	
1

�
Im�Eini − Efin −

i�

2�
�−1

, �13�

where Eini, Efin, and � are the energy of the initial state,
energy of the final state, and lifetime of the initial state �� /2�
refers to the uncertainty energy derived from ��, respectively.
If both the nanographite domains C and C� have a zigzag
edge, in which a dispersionless edge state exists around the
Fermi energy, the electron migration in domain C� occurs
smoothly after the electron hopping from C to C�. Therefore,
the interdomain hopping process is considered to be the
bottle neck in the electron transport. On the other hand, if the
nanographite domains have only armchair edges, in which no
edge states exist around the Fermi energy, the intradomain
electron migration occurs scarcely. Therefore, we consider
the zigzag-edge-type nanographite domain.

The occupation probabilities na�C ;↓
i

� and na�C� ;↑
j

� in

Eq. �13� are given as follows:

na�C;↓
i
� =

e−x

ex + e−x , na�C�;↑
j
� =

ex

ex + e−x , �14�

where

x =
1

2

g�̄BH

kBT
. �15�

Further, their product is obtained as follows:

na�C;↓
i
�na�C�;↑

j
� = �ex + e−x�−2 = �2 cosh x�−2. �16�

From Eqs. �11�, �13�, and �16�, the probability of hopping Wa
is obtained as follows:

Wa =
�

2�
� �2

R�−�
3 exp�−

R�−�

aC
��2

G��C,�C�,�C,�C��

	�cosh x�−2 1

�
Im�Eini − Efin −

i�

2�
�−1

,

G��C,�C�,�C,�C�� � �2 cos �C cos �C�

− sin �C sin �C� cos��C − �C���
2.

�17�

The factor exp�−2R�-� /aC� in Eq. �17� is similar to that ap-
pearing in Eq. �8� by taking into account the decay in the
overlap of the wave functions.

Next, we estimate the strength ���ini�Ĥ�-���fin��2,
which is the remaining contribution in Wa after
� /2��cosh x�−2�1/��Im�Eini−Efin− �i� /2���−1 is eliminated

from Eq. �17�. To evaluate ���ini�Ĥ�-���fin��, the inter-
mediate value G��C ,�C� ,�C ,�C��=2 is employed for
G��C ,�C� ,�C ,�C�� as it varies between 0 and 4. R�-� corre-
sponds to the inter-edge-state distance between adjacent nan-
ographite domains. By taking into account that the nanopore
size is estimated to be �1 nm �Ref. 35� and sizes of the
functional groups at the edge-site are deduced to be
�0.2–0.3 nm �note that the C–O–H bond length for phenol
is �0.23 nm�, we estimate that R�-�=0.75 nm. Subse-
quently,

���ini�Ĥ�−���fin�� = 2.3 K. �18�

Case (b). The calculation in this case is performed in a
manner similar to that of case �a�. For simplification, we
postulate that both the edge-state spins on the different nan-
ographite domains C and C�, between which the interdomain
hopping occurs, are affected by the oxygen molecule under
the same condition and subjected to the same effective field
He,�. From a practical viewpoint, it is reasonable to consider
that the effective fields acting on the edge-state spins of dif-
ferent nanographite domains are not the same. Owing to the
above postulation, we derive a formula facilitating the com-
parison between the calculated and experimental values. Fur-
thermore, in case �b�, it is hypothesized that there exist a few
hopping processes that are not subjected to the effect of the
oxygen molecule spin, similar to case �a�, but the number of
such processes might be negligibly small. Based on this sim-
plification, Wb is obtained as follows:

Wb =
�

2�
� �2

R�−�
3 exp�−

R�−�

aC
��2

G��C,�C�,�C,�C��

	�cosh x��−2 1

�
Im�Eini − Efin −

i�

2�
�−1

. �19�

By substituting nb for na in Eq. �17�, we get nb�C ;↓
i

�

=e−x� / �ex�+e−x�� and nb�C� ;↑
j

�=ex� / �ex�+e−x��, where x� is

expressed as follows:

x� =
1

2

g�̄BHe,�

kBT
. �20�

���ini�Ĥ�-���fin��2G�c ,c ,�c ,�c���1/��Im�Eini−Efin

− �i� /2���−1 is common to both Wa and Wb. Electrical resis-
tance R is proportional to the inverse of the probability of
hopping Wa and Wb. Therefore, the ratio of R�H� /R�0� be-
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tween cases �a� and �b�, referred to as ra/b, is expressed as
follows:

ra/b �
�R�H�/R�0��a

�R�H�/R�0��b
� �Wa

Wb
�−1

= � cosh x

cosh x�
�2

. �21�

Using Eq. �21�, the calculated values of �cosh x / cosh x��2

and their magnetic-field dependence can be compared with
the experimental values. These results are summarized in
Table I. It should be noted that in Eq. �21�, x contains m and
x� contains m and H�-Ox as parameters. We adopt the experi-
mentally obtained value of H�-Ox �Ref. 12� and m=0.19 �Ref.
1�. Due to the relatively poor approximation under the weak
magnetic field considered in our theory, it would be reason-
able to compare the calculated and experimental values in
the H�5 T region. In Table I, the calculated value of
�Wa /Wb�−2 is in qualitative agreement with the experimental
value of ra/b, and �R�H� /R�0��a and �R�H� /R�0��b are almost
proportional to cosh2 x and cosh2 x�, respectively. Further,
the employment of m=0.30 instead of 0.19 can provide bet-
ter fitting to the experimental values. These results endorse
the validity of our calculation model.

IV. SUMMARY

The objective of this study is to present a theoretical clari-
fication for the microscopic mechanism of the interaction
between the adsorbed oxygen molecule spin and edge-state
spin of nanographites and electron hopping in nanographite

networks. Using the proposed theory, the magnetoresistance
behavior can be well explained in relation to the physisorp-
tion of guest molecules, especially for adsorbed magnetic
oxygen molecules. The obtained results are summarized as
follows:

It is proved that the electric dipole-quadrupole interaction
between the edge-site of the nanographite and adsorbed oxy-
gen molecule is the origin of the large exchange interaction
between them. This implies that the spin of the adsorbed
oxygen molecule works to reduce the effective field acting
on the edge-state spin via antiferromagnetic coupling. As a
result, in spin-polarization-dependent hopping processes, the
magnetoresistance in the oxygen-adsorbed state is lesser than
that in the non-adsorbed or non-magnetic-molecule-adsorbed
state �argon, nitrogen, or helium�.

The hopping process between adjacent nanographite do-
mains is governed by electric dipole-dipole interaction. The
result that the amplitude of the edge-state spin is smaller than
�B, suggested by M. Fujita et al.,1 plays an important role in
explaining the amplitude and magnetic-field dependence of
the observed magnetoresistance.
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TABLE I. Comparison of the calculated and experimental values at 2.19 K. The experimental values are
obtained from Ref. 12.

�a� Theory �m=0.19� Theory �m=0.3�

H �T� cosh2 x cosh2 x� �cosh x / cosh x��2 cosh2 x cosh2 x� �cosh x / cosh x��2

15.0 1.98 1.44 1.38 4.46 2.30 1.94

12.4 1.62 1.29 1.26 2.97 1.81 1.65

10 1.38 1.18 1.18 2.13 1.48 1.44

7.5 1.20 1.09 1.10 1.55 1.23 1.26

5.0 1.09 1.04 1.05 1.23 1.09 1.13

�b� Experiment

H �T� �R�H� /R�0��a �R�H� /R�0��b ra/b

15.0 7.57 3.86 1.96

12.4 5.17 2.83 1.83

10 3.51 2.11 1.67

7.5 2.27 1.57 1.45

5.0 1.56 1.24 1.26
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