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Disordered Magnetism at the Metal-Insulator Threshold
in Nano-Graphite-Based Carbon Materials
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The magnetism of activated carbon fibers composed of a disorder network of nanographites was in-
vestigated, where each nanographite has about 1 edge-inherited localized spin. The susceptibility, for
samples situated around the metal-insulator threshold, shows a cusp around 4–7 K in addition to the
presence of a field-cooling effect. These behaviors are explained in terms of disordered magnetism
caused by random strengths of inter-nano-graphite antiferromagnetic interactions mediated by p-con-
duction carriers.

PACS numbers: 71.24.+q, 75.30.Et, 75.50.Kj, 75.50.Lk
Nanosized particles, with sizes intermediate between
molecules and bulk solids, are intriguing due to their novel
electronic features depending on the sizes, shapes, surface
conditions, and charging effects. Recently, nanosized
graphite with open edges has been focused as the target
of studies in relation to fullerenes and carbon nano-
tubes with close shaped p-electron systems. For the
nanographite, Yoshizawa et al. [1] and Fujita et al. [2–4]
predict the existence of an edge state of nonbonding
p-orbital origin around the Fermi level. According to
their works, the edge shapes govern the electronic state
of the nanographite, with only zigzag edges giving rise
to the edge state. Hence, the presence of the edge state
is expected to give unique features to the electronic state
of a nanographite, different from polycyclic aromatic
hydrocarbons and bulk graphite which are present at the
two extremes of these p-electron systems. Meanwhile,
activated carbon fibers (ACFs) are known to be described
by a three-dimensional disorder network of nanographites
with a mean in-plane size of 30 Å [5–7]. Thus, they
are interesting model materials expected to show the
novel electronic state predicted by the theoretical studies.
Previous works [8,9] profile their novel electron transport
properties featured with Coulomb gap variable-range hop-
ping [10] of p electrons between the nanographites. The
heat treatment over 1300 ±C generates percolative carrier
conduction paths in the nanographite network, resulting
in the metallic conduction. The heat treatment affects the
magnetism of the ACFs as well, where the localized spins
observed in as-prepared ACFs are diminished rapidly by
heat treatment over 1300 ±C [9]. In general, the origin
of the spins in carbon materials has been assigned to
the s-dangling bonds of sp3 C—C bond [11], although
the details have not been clarified yet. Meanwhile,
recent theoretical studies indicate that the edge states
are localized on the zigzag edge-carbon atoms, and give
paramagnetism [4]. Hence, these predictions give a new
possibility for the origin of the spins in carbon materials.
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In the present work, detailed behavior of magnetism in the
ACFs is investigated with special attention given to
the insulator-metal (I-M) threshold, in order to clarify
the electronic and magnetic features of the networked
nanographites and the nanographite itself.

Pitch-based ACFs having specific surface areas of
1500 m2 g21 (Osaka Gas Company, A15) were used as
samples. The susceptibility measurements were performed
with a SQUID magnetometer in the temperature range
of 2–380 K under the magnetic field up to 5.5 T after
the following sample setup. A bundle of 15 mg sample,
wadded in the center of a quartz tube with a closed end,
was vacuum sealed after the vacuum heat treatment at
the heat treatment temperature (HTT) of 800 ±C and at
1 3 1026 Torr for 1 h for removing adsorbed gases.
The susceptibility was measured with the sample (named
HTT800) kept in a vacuum tube in order to avoid gas
adsorption. After the measurements, the HTT800 sample
was re-heat-treated for 15 min at 900 ±C, and then the
measurements were performed again. Similar procedures
were taken successively up to 1500 ±C. Finally, heat
treatment at 1500 ±C for 1 h [HTT1500(1h)] was carried
out as the most intensive heat treatment in the series of
the experiments.

Figure 1(a) gives the temperature dependence of the
susceptibility x for HTT800-1500(1h) under H � 1 T. A
possibility of the contamination of magnetic impurities can
be excluded because of the complete fidelity in the behav-
ior of x to the I-M transition around HTT 1100–1200 ±C
[9]. For the HTT # 1100 ±C samples (L-HTT ACFs), x

obeys the Curie-Weiss law in the whole temperature range
investigated, while x for the HTT $ 1200 ±C samples
(H-HTT ACFs) deviates from the Curie-Weiss law below
about 20 K and gives a cusp around 4–7 K. Moreover,
further heat treatment in the metallic region makes the
cusp depressed, in addition to a negative shift in x . In
the temperature range where x obeys the Curie-Weiss
law, a least square fit was performed based upon the
© 2000 The American Physical Society
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FIG. 1. (a) Temperature dependence of the susceptibility x
under H � 1 T for the ACFs vacuum heat treated up to 1500 ±C.
Detailed behavior at low temperatures is shown in the inset. (b)
Field cooling effects on x for HTT800 and HTT1100 under
H � 1 T. The measurements were performed in heating runs
after the cooling processes down to 2 K with H � 0 �±� and
1 T (≤).

assumption that the observed x is the sum of the
Curie-Weiss term C��T 2 Q� and the temperature-inde-
pendent term x0, where C and Q are the Curie constant
and the Weiss temperature, respectively. Here, S � 1�2
and g � 2 are taken since the spins are associated
with carbon materials. The fitting results, along with
the spin density per 1 g of ACFs Ns, the number of
spins per nanographite n, Q, and x0, are shown in
Fig. 2, where n is estimated using the nanographite
in-plane size [9]. The heat treatment makes Ns de-
crease considerably from 4.2 3 1019 g21 (HTT800) to
0.39 3 1019 g21 [HTT1500(1h)]. The constant term x0
is negative and its absolute value is enhanced upon the
heat treatment from 20.73 3 1026 emu g21 (HTT800)
to 21.36 3 1026 emu g21 [HTT1500(1h)]. In contrast,
Q has similar negative values in the range of 22 to
23 K irrespective of HTT, proving the presence of
antiferromagnetic interactions. Figure 3(a) shows the
magnetization curves (M-H curves) at 2 K. The M-H
curves for the L-HTT ACFs show a Brillouin-curve type
saturating trend in the high magnetic field, indicating the
localized spin feature. In contrast, the magnetizations
for the H-HTT ACFs are almost proportional to the field
with the presence of a slight concavity [Fig. 3(b)]. This
FIG. 2. The spin density Ns �±� , the number of spins per
nano-graphite n (≤), the Weiss temperature Q (�), and the
temperature-independent susceptibility term x0 (�) for all the
samples shown in Fig. 1(a). The data for HTT1500(1h) are
positioned at HTT � 1600 ±C for clarity.

behavior cannot be explained with isolated localized spins,
but is reminiscent of the M-H curve in an antiferromag-
netic ordered state. Figure 1(b) shows the field-cooling
effect on x for HTT800 and HTT1100, prepared indepen-
dently of those used in the experiments in Figs. 1(a) and
3. The measurements were carried out under H � 1 T in
heating runs after cooling processes from room tempera-
ture to 2 K with fields of H � 0 and 1 T. In HTT800,
x obeys the Curie-Weiss law without a field-cooling ef-
fect, while HTT1100 having a cusp shows a remarkable
difference below 15 K between the zero field and the field
coolings; that is, the field cooling enhances the cusp.

We first discuss the origin of the spins in the ACFs. The
spin density Ns is diminished greatly from 4.2 3 1019 to
0.39 3 1019 g21 by the heat treatment up to 1500 ±C. In
contrast, the number of spins per nanographite n shows
a more moderate decrease from 1 to 0.5 because of the

FIG. 3. (a) Magnetization curves at 2 K for all the samples
shown in Fig. 1(a). The contribution of x0 has been subtracted.
(b) Detailed magnetization curves at 2 K for HTT1200. The
solid line shows a linear line for the least square fit below 1 T.
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growth of the nanographite in-plane size La from 25 to
52 Å by the heat treatment. Hence, each nanographite
has about 1 spin irrespective of La, suggesting the impor-
tant role of nanographite edges in the origin of the spins.
In general, the localized spins of disorder carbons, com-
posed of sp2 and sp3 C—C bond network, have been
considered to originate from s-dangling bonds [11]. The
origin of the spins, however, remains unverified since the
s-dangling bonds of carbon atom are too chemically active
to be stabilized in the atmospheric condition. In particular,
the nanographite in the ACFs is composed of well-char-
acterized condensed aromatic rings with few sp3 bonds
forming nanographite bridges [5–7]. Moreover, in relation
to the appearance of novel magnetism in nanographites, re-
cent theoretical studies predict the presence of nonbonding
p-electron edge states, which are localized on peripheral
carbon atoms composing zigzag edges, even if these car-
bon atoms are terminated by foreign atoms such as hy-
drogen [2–4]. These predictions have been reinforced by
recent experiments evidencing the novel edge-state-based
magnetism [12]. Hence, judging from the theoretical and
experimental studies, the spins observed in the present
work are considered to originate from the nonbonding edge
states of the p electron.

Next, we discuss the exchange interaction in the
nanographite network. According to the behaviors of
the magnetism depending on HTT, the samples can
be classified into two groups: L-HTT and H-HTT
samples, bordered at the I-M percolation threshold
HTT1100–HTT1200. For the L-HTT ACFs which
are below the threshold, x obeys the Curie-Weiss
law with negative Weiss temperatures and the M-H
curves show a Brillouin-curve-type saturating trend.
Thus, the magnetization M is analyzed by the Brillouin
function with the antiferromagnetic internal field Hint;
M � NmB tanh�mB�H 1 Hint���kBT ��, where mB and
kB are the Bohr magneton and the Boltzmann constant,
respectively. Hint is associated with the observed Weiss
temperatures; Hint � aM, a � Q�C. For HTT800 the
calculated curve (line A) is shown in Fig. 4(a) with the
experimental results. Line A gives larger magnetizations
than the observed ones in the whole field range in addition
to a less saturating trend in the high field. Namely, the
Brillouin curve with a unique internal field does not fully
represent the experimental results. This discrepancy can
be interpreted by the disorder structure of the ACFs,
where the strengths of the exchange interactions are
considered to depend on the locations of spins, varying
randomly. In order to make the analysis more realistic,
we introduce the distribution function P�a� for represent-
ing randomness of the exchange interactions. P�a� is
assumed to be a normal distribution, where ferromagnetic
interaction (a . 0) is cut off because of the absence of
ferromagnetic interactions in the present case. The least
square fit is performed with two adjustable parameters;
the center and the dispersion of P�a�. Line B in Fig. 4(a)
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FIG. 4. (a) Magnetization curve at 2 K of HTT800 (≤) and
the two fitting curves (solid lines). Line A is the Brillouin curve
fitting with a unique molecular field constant a � Q�C, while
line B gives the Brillouin curve where the strengths of a are
assumed to be randomly distributed as shown in (b). (b) The
distribution function P�a� of a used in the fitting of line B. The
arrow with �a� indicates the mean value (see text).

gives the fitting results. Introducing P�a� considerably
improves the fitting results in contrast with line A, and the
saturating trend in M is well reproduced. However, there
still remains a discrepancy between the calculation and
observation that might come from a deviation of P�a�
from the normal distribution feature. The fitting result
gives an estimate of j

p
�Da2���a�j 	 0.8, suggesting

the presence of a large randomness in the strengths of
the exchange interactions. The exchange interactions
with random strengths provide a favorable trend to a
disordered magnetic state like a spin glass state [13] for
the ACFs spin system. In this connection, the inspection
of x is diagnostically important. For HTT800, x shows
typical Curie-Weiss behavior with no field-cooling effect,
being ordinary localized electron magnetism. This is
reasonably understood by the fact that the ACFs below
the percolation threshold such as HTT800 have no infinite
exchange interaction network. Interestingly, above the
threshold, the magnetic features change drastically; that
is, the deviation from the Curie-Weiss behavior, the
presence of a cusp and its field-cooling effect in addition
to a slight concavity in the M-H curve similar to that
for an antiferromagnetic ordered state. These features in
the magnetism demonstrate the formation of a disordered
magnetic state similar to a spin glass state around the
percolation threshold where an infinite network of random
antiferromagnetic interactions develops.

The existence of the discrepancy in the susceptibility
between the zero-field cooling and the field cooling is a
characteristic feature of a spin glass state. The observed
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field-cooling effect, however, deviates from that of the or-
dinary spin glass behavior which does not show any de-
creasing trend in x on the low temperature side of the cusp
in the field-cooling condition [13]. In the present case, it
is considered that a competition between antiferromagnetic
ordering and disordered magnetism interferes with the for-
mation of a prototypical spin glass transition. In addition,
taking into account that the exchange interaction between
the spins is mediated by the percolating conduction p elec-
tron, which will be discussed in the next paragraph, the
dimensionality of the present spin system becomes con-
siderably lowered in the vicinity of the I-M percolation
threshold [14,15], at which the novel magnetism appears.
Therefore, the low dimensionality of the exchange interac-
tion path network might remove a true spin glass feature
from the present spin system [16,17].

Finally, we discuss the origin of the exchange interac-
tion in relation to the interplay between the edge states and
the conduction p electrons. Since each nanographite has
about 1 spin, the mean distance between the spins is in
the same range as La 	 30 Å. Hence, there is no direct
exchange interaction between the spins. The metallic con-
duction above the percolation threshold is caused by the
conduction of p electrons through percolative conduction
paths. Thus, the exchange interaction between localized
nonbonding p electrons at the edge states is considered to
be mediated by conduction of p electrons, similar to the
s-d interaction in transition metal magnets. The consider-
ably enhanced electronic specific heat having a large mag-
netic field dependence in disordered graphite [18] supports
the evidence of the conduction-p-electron-mediated inter-
action. The disorder network of the nanographites forms
a random exchange interaction network, resulting in the
appearance of disordered magnetism like a spin glass be-
havior driven by the antiferromagnetic interactions in the
vicinity of the I-M threshold. The decreasing trend in
the spin concentration above the I-M threshold suggests
the fusion of nanographite domains and/or the presence of
charge transfer interaction between the edge states and the
p bands, which are favorable for the development of the
conduction-electron-mediated interaction network. Heat
treatment over 1500 ±C promotes graphitization of ACFs,
resulting in the disappearance of the edge states. Even-
tually, the stabilization of metallic state at the expense of
the edge states makes the disordered magnetism wiped out
well above the I-M threshold, and the magnetism becomes
subjected to the Pauli paramagnetism and the orbital dia-
magnetism caused by itinerant p electrons [9].

In summary, the magnetism of the ACFs composed of
a nanographite disorder network is explained in terms of
antiferromagnetically interacting spins, which originate
from the nonbonding p electrons of nanographite edge
origin. In the vicinity of the I-M percolation threshold, a
novel edge-state-based disordered magnetism similar to
a spin glass state appears. The considerably long range
exchange interaction varying randomly is considered
to be mediated by conduction p electrons similar to
s-d interaction in transition metal magnets. The
non-bonding-p-electron-based disordered magnetism in
the nanographite system provides a new class of mag-
netism that has never been reported.
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