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Effect of electron localization on the edge-state spins in a disordered network
of nanographene sheets
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The magnetism and its dynamical behavior is investigated in relation to electron-localization effect for the
edge-state spins of three-dimensional randomly networked nanographene sheets which interact weakly with
each other. The electron transport is governed by Coulomb-gap variable-range hopping between nanographene
sheets. At high temperatures, the electron spin resonance (ESR) signal with a feature of homogeneous spin
system reveals the bottleneck effect in the spin relaxation to the lattice for a strongly coupled system of
edge-state spins and conduction 7 electrons, in a given nanographene sheet. Below 20 K, a discontinuous ESR
line broadening accompanied by hole-burning proves the formation of an inhomogeneous spin state, indicating
a static spatial distribution of on-resonance fields. This inhomogeneity originates from a distribution of the
strengths of the ferrimagnetic moments on the individual nanographene sheets, taking into account that the
constituent nanographene sheets with their shapes randomly varying have different strengths of ferrimagnetic
moments. Strong electron localization below 20 K in the internanographene electron hopping is responsible for
the crossover from the homogeneous spin state to the inhomogeneous one, in the latter of which ferrimagnetic

short-range ordering is evident in the edge-state spin system.
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I. INTRODUCTION

Graphene has attracted great attention in the research on
carbon-based nanomaterials after the discovery of graphene
prepared by micromechanical cleavage.'™* Current works on
graphene have revealed unconventional electronic features
such as unusual half-integer quantum Hall effect,’ quantum
spin-Hall effect,® quantum dots,” etc., for which its electronic
structure described in terms of massless Dirac fermion is
responsible. When the size of graphene sheet decreases to the
nanodimension, another intriguing aspect emerges because
of the growing importance of its geometrical shape. Indeed,
nanographene, whose shape is described in terms of a com-
bination of armchair and zigzag edges, has spin-polarized
nonbonding m-electron state (edge-state) localized in the
zigzag-edge region in spite of the absence of such state in
armchair edges, as suggested by theoretical predictions,®?
and scanning tunneling microscope/scanning tunneling
spectroscopy (STS) experiments.!®'* The presence of edge-
state spins therefore results in a variety of magnetism in nan-
ographene, depending on its shape.

According to theoretical studies,'>"'® the edge-state spins
are strongly coupled in parallel with each other in a zigzag
edge through strong intrazigzag-edge ferromagnetic interac-
tion J, having a strength of ~10° K, as shown in Fig. 1. In
a nanographene sheet with zigzag-edge regions separated by
the presence of armchair edges, the ferromagnetically
coupled edge-state spins in a zigzag edge are interacting with
those in other zigzag edge through interzigzag-edge
ferromagnetic/antiferromagnetic interaction J; having a
strength of ~(107'=1072)J, and mediated by conduction 7
carriers, where the strength and sign of J; depend on the
mutual structural relation between the zigzag edges. Then,

1098-0121/2010/81(11)/115408(6)

115408-1

PACS number(s): 72.15.Rn, 75.30.Hx, 76.30.—v

the cooperation of strong ferromagnetic interaction J, and
intermediate-strength ferromagnetic/antiferromagnetic inter-
action J; plays an important role in the magnetism of a nan-
ographene sheet. Here, the localized edge-state spins and
conduction 7r carriers are the players similar to the d-electron
spins and conduction s carriers in traditional s-d electronic
systems.'*~2! Interestingly, an arbitrary-shaped nanographene
sheet, whose periphery is constituted with ferromagnetic zig-
zag edges embedded between nonmagnetic armchair edges,
is expected to have a ferrimagnetic structure; that is, a non-
zero net ferrimagnetic moment can originate from a compen-
sation of the constituent spins coupled by J, and J;, as mod-
eled in Fig. 1. In addition, the negligible magnetic anisotropy
associated with a small spin-orbit interaction of carbon®?

FIG. 1. Model structure of an arbitrary-shaped nanographene
sheet, which consists of a combination of zigzag and armchair
edges, the former of which has localized spins of edge-state ferro-
magnetically arranged. J, and J; are the intrazigzag-edge ferromag-
netic and interzigzag-edge ferromagnetic/antiferromagnetic ex-
change interactions, respectively.
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gives a feature of isotropic Heisenberg spins.

However, no experimental effort has confirmed this theo-
retical conjecture. In other words, experimental evidence is
particularly important for this conjecture on the ferrimag-
netic feature.

In the mean time, activated carbon fiber (ACF) arises as
an interesting model system in order to investigate the mag-
netism of nanographene experimentally.?3-27 It consists of a
three-dimensional (3D) disordered network of nanographite
domains, each of which is a loose stack of 3—4 nanographene
sheets with a mean in-plane size of 2-3 nm.2® Here, two
kinds of extra interactions should be added due to its hierar-
chical structure; weak internanographene-sheet antiferromag-
netic interaction J,, and internanographite-domain antiferro-
magnetic one Js. J; originates from the internanographite-
domain hopping integral and is in the range of several
kelvins.?? Since the electron transport in nanographene net-
work is governed by the Coulomb-gap-type variable-range
hopping,’*?? strong electron localization is expected at lower
temperatures, which in turn can affect the magnetism. There-
fore, the magnetism and its dynamical behavior of the edge-
state spin system in the nanographene network are of particu-
lar interest in relation to the electron-localization
phenomenon. In this paper, we show the -electron-
localization-induced inhomogeneous magnetic state of the
edge-state spins in the networked nanographene sheets,
which are weakly coupled with each other, from the results
of electron spin resonance (ESR), static magnetic suscepti-
bility, and electrical conductivity experiments in vacuum and
oxygen atmosphere with carefully prepared ACF samples.
The experimental findings unveiled the ferrimagnetic struc-
ture of nanographene sheet as a fingerprint of the edge-state
spins, which has also been evident in the magnetic suscepti-
bility of the samples specially treated.*”

II. EXPERIMENTAL

Phenol-based ACFs (FR-20, Kuraray Chemicals) having
specific surface areas of ~2000 m?/g were preheat treated
at 473 K for 12 h in vacuum (10~ Pa) to remove the ad-
sorbed foreign gas species. We have introduced controlled
amounts of high-purity O, (99.99995 %) up to 20 Pa at room
temperature after the preheat treatment, to investigate the
effect of adsorbed O, molecules on the magnetism. X-band
ESR measurements were carried out in heating runs at 4-300
K in the microwave-power range up to 16 mW using JEOL
TE-200 X-band ESR spectrometer equipped with Oxford
ESR910 helium continuous-flow cryostat. The bundled
sample (~1 mg) was sealed in a quartz tube in vacuum or in
the oxygen atmosphere. In order to avoid surface skin depth
effect, the fiber axes of the bundle were oriented perpendicu-
lar to the electric field direction of the microwave. The static
susceptibility was measured in the temperature range 2-300
K at 1 T using superconducting quantum interference device
magnetometer (Quantum Design MPMS-5). The resistivity
was measured using two-probe method with a single ACF
fiber (approximately 10 um in diameter) in vacuum at
2-300 K. Carbon paste was used to make electrical contacts
to the electrodes.
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FIG. 2. (a) Temperature dependence of ESR intensity in
vacuum, at 1 uW (A) and 10 uW (A) microwave power. (b) The
corresponding peak-to-peak widths AHpp of the ESR signal ob-
tained after fitting the Lorentzian function. Insets of (a) and (b):
zoomed-in curves in the range 4-35 K for 1 uW. (c) Inverse static
susceptibility as a function of temperature in vacuum (H) and the
linear fit (solid line), measured at H=1 T.

III. RESULTS

The temperature dependence of the ESR intensity and
peak-to-peak width (AHpp) in vacuum, at microwave powers
of 1 and 10 uW are given in Figs. 2(a) and 2(b), respec-
tively. The intensity at I wW obeys the Curie law down to
30 K, and suddenly drops by 50 % below 20 K. AHpp fol-
lows a trend corresponding to the behavior of the intensity.
AHpp decreases linearly from 6.2 to 2.2 mT upon lowering of
the temperature down to 30 K, and suddenly increases by
30% (0.6 mT) below 20 K. In the elevated microwave power
(10 uW), the sudden change in the signal properties be-
comes a smooth variation as shown in Figs. 2(a) and 2(b).
Such sensitive nature of the ESR signal below 20 K is also
evident in the microwave-power dependence of the intensity
as shown in Fig. 3. The power saturation at 30 K has a
feature of a homogeneous spin system. On the other hand, at
10 K, increasing the power above 200 uW doubles the in-
tensity suddenly and then it is easily saturated in the higher
microwave-power range above 1 mW, showing inhomogene-
ity in the spin system. Unlike the ESR intensity that repre-
sents the dynamical susceptibility, the static susceptibility,
which corresponds to the susceptibility at frequency w=0,
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FIG. 3. Microwave-power dependence of ESR intensity in
vacuum, at 30 K (M) and 10 K (OJ). The blown-up view of low-
power region is given in the inset. The solid lines are straight-line fit
to the low-power region and dashed lines are guide to the eyes.

does not show any indications of non-Curie behavior down
to 2 K as shown in Fig. 2(c). Indeed, the static susceptibility
obeys the Curie-Weiss law in the entire temperature range
with a small negative Weiss temperature of -2 to -3 K for
which J; is responsible as a major contribution.??* These
experimental findings are therefore understood by the pres-
ence of a transition from the homogeneous state to an inho-
mogeneous one at approximately 20 K. This is clearly evi-
dent in observing a change in the line profile in the vicinity
of the transition temperature (7, ~20 K). Figure 4 exhibits
the ESR signal at a strong microwave power of 16 mW in the
vicinity of 7. The broadened signal at 10 K shows a slight
deviation from the Lorentzian shape indicating an inhomo-
geneous line broadening. A prominent hole-burning effect
(irregular feature in the ESR signal) appears at 15 K, which
is just below T, and it is reproducible in repeated runs. The
hole-burning feature is an important evidence of serious in-
homogeneity appearing in this temperature range. On going
to higher temperatures, hole burning is gradually suppressed
and the line shape tends to become Lorentzian. Above 25 K,
the line shape becomes sharpened and purely Lorentzian,
exchange/motional narrowing being indicated.

The feature of the ESR signal is extremely sensitive to the
presence of O, molecules, even though the amount of ad-
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FIG. 4. The ESR signals in vacuum at 10, 15, 20, and 25 K
measured with 16 mW.
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FIG. 5. (a) Temperature dependence of ESR peak-to-peak
widths in vacuum (M) and oxygen pressures of 0.1 Pa (J), 1 Pa
(), 5 Pa (A), 10 Pa (@), and 20 Pa (*). Oxygen was introduced at
room temperature, before cooling. (b) and (c) The corresponding
normalized signal intensities.

sorbed oxygen is considerably low. Figure 5 shows the oxy-
gen adsorption effect on the ESR spectra in the O, pressure
up to 20 Pa. The transition temperature 7., at which the
intensity is peaked, is shifted to higher temperature and the
change in AHpp at T, is reduced in proportion to the O,
pressure. Eventually above 1 Pa, the transition behavior is
leveled off. The limit of shift in the 7, is 100 K, where the
physisorption of magnetic O, molecules takes place.?’

Figure 6(a) shows the temperature dependence of conduc-
tivity. The conductivity is explained in terms of the
Coulomb-gap variable-range hopping (CVRH) transport be-
tween randomly distributed metallic nanographene
sheets,2+2°

o(T) = o exp[- (To/T)"], (1)

where oy is the conductivity at 7= and 7|, is a function of
localization length, L. In the conventional CVRH behavior,?!
the exponent y=0.5 is expected even in three-dimensional
Anderson insulators. However, the present experimental re-
sults in Fig. 6(a) deviates from that expected and is best
fitted with an estimate of y=0.57 as shown in Fig. 6(b),
suggesting the importance of fractal geometry of the nan-
ographene network.3>33 Here localization length L is given
by the following relation:3*

2 (1= )t
- 4meyekgT) b%

. 2)

where €, and ¢, are the relative permittivity of ACFs and the
dielectric constant of vacuum, respectively. With T
=324 K obtained from the linear fit of the experimental re-
sults shown in Fig. 6(b), L is obtained as ~17 nm, using the
value of €=10 for amorphous carbon.”* This satisfies the
criteria for VRH on fractal, i.e., T<T, and a<L, (average
size of nanographene sheet; a=2-3 nm). In other words, the
electron transport is subjected to the fractal structure of the
nanographene network.
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FIG. 6. (a) Temperature dependence of dc conductivity in
vacuum. (b) Resistivity vs temperature plot corresponding to (a)
and linear fit (dotted line). The arrow marks correspond to 57 and
8 K.

IV. DISCUSSION

Let us discuss the magnetic structure and dynamics un-
derlying the observed magnetic and transport properties. The
conductivity result suggests strong electron localization with
the aid of Coulomb interaction, particularly in the lower tem-
perature region. In addition to the electron hopping in the 3D
random network of metallic nanographene sheets, the
m-electron carriers interact with the edge-state localized
spins of a given sheet. At high temperatures, the fast hopping
process evidenced by the high conductivity makes the edge-
state spins subjected to the motional narrowing, yielding a
homogeneous spin system in the entire of the network. This
is justified by the Lorentzian shape of the ESR signal and its
less saturated behavior (see Fig. 3) in the high-temperature
range. Therefore, the spin system is modeled merely as a
metallic system with the interaction between the localized
edge-state spins and conduction 7 carriers. This is reminis-
cent of traditional s-d dilute alloy magnetic systems such as
CuMn,?! if we take 7-conduction electrons and edge-state
spins in place of s carriers and localized d-electron spins,
respectively. Here, the strong coupling between the edge-
state spins and conduction 7 carriers, and weak spin-orbit
interaction,?? leads to a bottleneck in energy dissipation from
the conduction carriers to the lattice. (A considerably small
deviation of the g value from that of the free-electron spin
(Ag=1073) proves the very small spin-orbit interaction in
this system, in good agreement with that in element C
(~5 cm™)) In this regime, the effective spin-lattice relax-
ation time, which is inversely proportional to the linewidth,
is given as?03
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AH -~ l/Tleff= 1/Tn7T(T7Tn/T7TL) N (3)

where, T),., T.,, and T are the relaxation times of from the
edge-state spin to the m carrier, from the & carrier to the
edge-state spin, and from the 7r carrier to the lattice, respec-
tively. The relaxation from the edge-state spins to the 7 car-
riers, T, is given by the Korringa relation with temperature
dependence of T, «1/T.3°

Then, as shown in Eq. (3), the linewidth is narrowed by
(T ./ T1) due to the bottleneck effect with a slow relaxation
rate 1/T,; (long relaxation time). Here, it should be noted
that 7, is independent of temperature’®® and T, which is
governed by the boundary scattering in the nanographene is
also less temperature dependent.?’ In other words, the tem-
perature dependence in the linewidth is governed by the Ko-
rringa relation. Eventually, the linear temperature depen-
dence of the linewidth observed above T,~20 K [Fig. 2(b)]
is in good agreement with that expected by Eq. (3). This
suggests the importance of the interplay between the edge-
state spins and conduction 7 carriers strongly interacting
with each other in the metallic medium.

The explanation of the inhomogeneous behavior below
T.~20 K with a discontinuous change in the ESR signal
requires detailed information on the magnetic structure of the
nanographene network. In conventional cases, the inhomoge-
neous broadening is associated with the dipolar interaction.
However, in those cases, the application of high microwave
power deforms mainly the central part of the ESR signal
instead of the appearance of irregular features of hole-
burning observed in the present experiment. The appearance
of hole-burning phenomenon is instead a consequence of the
presence of a static distribution of on-resonance fields, which
indicates the importance of the structural inhomogeneity. Ac-
cordingly, we should examine an alternative origin of the
inhomogeneity on the basis of the structural feature of the
nanographene network.

Here is a clue in the structure of constituent nanographene
sheet in order to solve this issue. Indeed, as explained in Sec.
I with Fig. 1, each nanographene sheet has its own shape,
consisting of arbitrarily positioned zigzag and armchair
edges. In an individual nanographene sheet, the compensa-
tion of randomly distributed localized spins coupled by fer-
romagnetic J, and ferromagnetic/antiferromagnetic J; cre-
ates a nonzero net magnetic moment with its own strength.
Therefore, the strengths of the ferrimagnetic magnetic mo-
ments, which depend on the shape of a nanographene sheet,
are randomly distributed in the network of nanographene
sheets. This suggests that the on-resonance fields vary inho-
mogeneously in the ESR signal, depending on the strengths
of the magnetic moments of nanographene sheets. The inho-
mogeneity associated with the distribution of on-resonance
fields does not appear in the high-temperature range due to
the motional narrowing operated by the fast
internanographene-sheet hopping. However, as the tempera-
ture is lowered, electron localization develops and nan-
ographene sheets become independent from each other due
to the slowdown of electron hopping. Finally, the
inhomogeneity survives at lower temperatures below T,
~20 K, where the electron hopping frequency becomes
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small enough to unveil the inhomogeneous linewidth,
AH;phom=AH(T<T,)-AH(T>T,~0.6 mT. Looking at
the experimental finding from another perspective, the ob-
served inhomogeneity reveals a ferrimagnetic feature of in-
dividual nanographene sheet as exhibited in Fig. 1, which is
predicted from theoretical work.!>-'® Recent work on mag-
netic investigations of the ACF samples, in which the
internanographene-sheet interaction J, is weakened by acid
treatment, proves the presence of ferrimagnetic spin
fluctuations® in good agreement with the present finding,
though the apparent Curie-type behavior appears in the
present sample due to the presence of weak
internanographene-sheet interaction and the absence of mag-
netic anisotropy as shown in Fig. 2(c).

Interestingly, in relation to the inhomogeneous magnetic
state, we remind that a spin-glass state is created in the vi-
cinity of an insulator-to-metal transition in the networked
nanographene sheets of the ACF sample.”? In the ACF
sample, heat treated below 473 K, the presence of oxygen-
including functional groups bonded to edge carbon atoms,
which work to block the carriers to hop by weakening the
internanographene-sheet interaction,®® results in the forma-
tion of an Anderson insulator. Heat treatment above
~1273 K, which can remove the functional groups, en-
hances the interaction, and further increase in the heat-
treatment temperature brings about an insulator-to-metal
transition around 1473 K. The spin-glass state of the edge-
state spins appears in the vicinity of the insulator-to-metal
transition.?* According to the present results, it is considered
that the strengthening of the internanographene-sheet inter-
action induced by the heat treatment brings the inhomoge-
neous assembly of relatively independent ferrimagnetic nan-
ographene sheets to a spin-glass state in the vicinity of the
transition. Then, further strengthening of the interaction well
above the transition temperature works to form metallic state
at the expense of the edge-state spins.

Finally, we discuss the oxygen adsorption effect, which is
summarized as the increase in the linewidth and the disap-
pearance of the linewidth anomaly under the presence of a
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slight amount of O, molecules (<1 Pa). According to pre-
vious works in the small oxygen concentration range, the
majority of the oxygen species are chemisorbed and become
nonmagnetic due to charge transfer from nanographene
sheets.?’3%-40 Chemisorbed O, molecules randomly bonded
to the nanographene edges inhomogeneously downshift the
Fermi energies of constituent nanographene sheets, resulting
in enhancing the charge inhomogeneity in the network. This
works to upshift the transition temperature to the inhomoge-
neous magnetic state as shown in Fig. 5 due to enhanced
charge localization. This is also in good agreement with the
decrease in the conductivity upon the oxygen uptake.*® Un-
der higher O, pressure (>5 Pa), the dipolar field of phys-
isorbed magnetic O, molecules broadens the ESR linewidth
as observed in Fig. 5(a).

V. SUMMARY

In summary, the magnetism and electron transport are in-
vestigated for randomly networked nanographene sheets
which interact weakly with each other. The transport is gov-
erned by Coulomb-gap-type variable-range hopping on a
fractal network. At high temperatures, the edge-state spins of
an individual nanographene sheet is subjected to the bottle-
neck effect in the strongly coupled system of the edge-state
spins and conduction 7 carriers. Below 20 K, the electron
localization unveils the inhomogeneous distribution of ferri-
magnetic structures of nanographene sheets, each of which
has its own magnetic moment depending on its geometrical
shape. The present experiment demonstrates the ferrimag-
netic fluctuations of the edge-state spins of nanographene
sheet.
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