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Structure and electronic properties of graphite nanoparticles
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We have investigated the structure and electronic properties of graphite nanoparticles prepared by heat
treating diamond nanoparticles. The prepared nanographite forms a polyhedron with a hollow in its inside,
whose faces comprise a stacking of 3–6 planar graphene sheets with an in-plane size of 7–8 nm and an
intersheet distance of 0.353 nm. The large intersheet distance suggests a considerably large reduction in
interlayer interaction compared to the case of bulk regular graphite. Electron-spin-resonance and magnetic-
susceptibility measurements show that there is a considerable enhancement in the density of states at the Fermi
energy, indicating the presence of an additional band superimposed upon the bondingp and the antibonding
p* bands around the Fermi energy. Taking into consideration the discontinuous shape at an edge line formed
by crossing adjacent graphene sheets, graphene sheets in a nanographite particle are considered to have open
p-bond edges. On the basis of the theoretical suggestion that nonbondingp orbitals give edge-inherited surface
states depending on the shape of the graphene edge, this is suggestive of the contribution of the edge states to
the electronic structure of nanosized graphene having openp-bond edges.@S0163-1829~98!07948-X#
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I. INTRODUCTION

Recently, fullerenes and carbon nanotubes have been
geted for intensive studies due to their interesting electro
properties related to nanosized systems.1 In these materials
p-conjugated carbon hexagon rings are condensed to fo
closed surface with the participation of pentagon rings. B
cause of their specific sizes, which are in between ordin
molecules and bulk solids, they show interesting feature
their electronic properties in relation to quantum s
effects.2–4 In addition, graphite nanoparticles give anoth
aspect in carbon-based nanoparticles having conjug
p-electron systems. When a graphite crystal is cut into na
particles, there appear edges which surround the grap
particles. A graphite nanoparticle consists of a stacking
nanosized graphene sheets whose peripheries are fo
with s dangling bonds to which, in actual cases, forei
chemical species such as hydrogen or oxygen tend to rea
the atmosphere, resulting in completed bonds. In this sen
nanographite is characterized by finite flat graphene sh
having open edges, whereas fullerenes and carbon nano
have closed surfaces. Therefore, the presence of open e
around the peripheral region adds specific features to n
ographite systems which are different from their close
surface counterparts, such as fullerenes and carbon n
tubes. Recently, Tanakaet al.5 and Fujita and co-workers6–8

theoretically suggested that the electronic structures of fin
PRB 580163-1829/98/58~24!/16387~9!/$15.00
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size graphene sheets depend crucially on the shape of
edges. The graphene edge of an arbitrary shape comp
two types of edges, zigzag type and armchair type, where
former has atrans-polyacetylene type structure while the la
ter has acis-polyacetylene one. According to theoretical su
gestions, nonbondingp levels appear around the Fermi e
ergy in the case of zigzag-type edges, whereas
nonbonding levels of this kind exist in armchair-shap
edges. As a consequence, the presence of a nonbondip
band gives interesting electronic properties associated
electrons in the nonbonding band which tend to be locali
around the peripheral region. In this respect, an investiga
of graphite nanoparticles will give important informatio
about the edges of nanosized open-edged graphene she

In connection with carbon-based nanoparticles, nanos
diamond particles have been known to be prepared
explosion-induced high-pressure techniques, where t
have a regular atomic arrangement of a diamond struc
with sizes of;5 nm.9,10 Heat treatment above;1000 °C
converts diamond into graphite. Accordingly, it is interesti
to prepare graphite nanoparticles by the heat treatmen
diamond nanoparticles. In this paper, we present struct
and electronic properties of graphite nanoparticles prepa
from diamond nanoparticles which are investigated by me
of scanning electron microscopy, electron microscopy, x-
diffraction, Raman scattering, electron-spin resona
~ESR!, and magnetic susceptibility. The experimen
16 387 ©1998 The American Physical Society
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16 388 PRB 58ODD E. ANDERSSONet al.
findings suggest that the prepared nano-graphite form
polyhedron whose faces comprise a stacking of 3–6 pla
graphene sheets with an in-plane size of 7–8 nm. The e
tronic density of states is found to be considerably enhan
due to the presence of the edge-inherited nonbondingp or-
bitals at the Fermi level, consistent with theoretical sugg
tions.

II. EXPERIMENTAL DETAILS

Graphite nanoparticles were prepared by graphitization
nanodiamond powder@Cluster Diamond, Toron Compan
Ltd. ~grain size 4–6 nm!# in an inert argon atmosphere. Th
mean size and the size distribution of the diamond partic
checked by transmission electron microscopy were in g
agreement with the reported ones~catalogue specifications!.
In order to avoid contamination with magnetic impurities, w
treated nanodiamond particles by soaking in concentra
HCl before use. However, there was no appreciable cha
in the observed magnetic properties after acid treatm
20–50 mg of pristine nanodiamond powder placed in
graphite crucible was heat treated in a graphite furnace in
argon atmosphere. To investigate the temperature de
dence of the graphitization process, we employed 16
1700, 1800, and 2750 °C for heat-treatment temperatu
where the lowest limit was based on the results of Evans
James.11 The holding time at the temperature was 1 h for
heat treatment temperatures~HTT’s!, 1600, 1700, and
1800 °C, and 30 min for a HTT of 2750 °C. The short
holding time at 2750 °C is due to the shorter lifetime of t
furnace at this temperature. The structure of the obtai
particles was characterized by means of transmission e
tron microscopy, scanning electron microscopy, x-ray po
der diffraction and Raman scattering. A transmission el
tron microscope observation was carried out using a Phil
EM400 instrument with the acceleration voltage of 120 k
while scanning electron microscope pictures were taken
ing a Hitachi S900 instrument with an acceleration voltage
5 kV. X-ray-diffraction profiles were obtained by a Rigak
RINT-2400 instrument with a Cu target~50 kV, 120 mA!.
Silicon powder was used to calibrate the diffraction pea
that were obtained. Raman-scattering experiments were
ried out with Jobin-Yvon T64000 instrument together w
an argon-ion laser (l5514.5 nm), using a backscatterin
microprobe technique. Electronic and magnetic proper
were investigated by means of ESR and magnetic susc
bility. ESR spectra were measured with a conventionalX-
band spectrometer~JEOL JES-TE20! in the temperature
range 2–300 K, where the magnetic field and microwa
frequency were calibrated using a NMR gaussmeter an
frequency counter, respectively. ESR intensities and s
lattice relaxation times were calibrated using DPPH as a
erence. ESR saturation curves were taken up to the m
mum microwave power of 200 mW for the estimation
spin-lattice relaxation times.12 The magnetic susceptibility
and magnetization were measured with Quantum Des
MPMS-5 DC-SQUID ~superconducting quantum interfe
ence device! susceptometer in the temperature range 1
300 K under magnetic fields up to 5 T.
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III. RESULTS

Figure 1 shows the x-ray diffractograms of the 160
1700, 1800, and 2750 °C heat-treated samples. The 160
HTT sample shows very broad peaks at the graphite~002!,
~100!, ~101!, ~110!, and~112! positions, as well as additiona
sharp peaks corresponding to the diamond~111! peak and
impurities ~;45°!, where graphite~100! and ~101! peaks
merge into a single broad peak around 45°, and grap
~110! and ~112! peaks around 80°. The~002! peak has an
asymmetric shape with a steep high angle tail. The 1700
HTT sample shows the coexistence of a very broad peak
a relatively sharp peak at the graphite~002! position around
26°, in addition to a broad peak at 42°–44° corresponding
the graphite peaks~100! and ~101!. For the 1800 °C HTT
sample, the sharp peak at 26° is more pronounced, indica
that the crystallite size becomes larger in thec-axis direction,
although the shoulder-shaped broad feature still survives
the low-angle side of the sharp peak. This is also shown
the sharper~100! and ~101! peaks, where a broad should
contributes on the high-angle side of the sharp feature.
the sample heat treated at 1800 °C, we can clearly see p
of graphite~004!, ~110!, and~112!. Increasing the heat treat
ment temperature to 2750 °C does not result in any ma
change in the x-ray diffractogram, except that the narr
peak at 26° now splits into two peaks. The experimen
findings suggest the presence of two kinds of graphitic
gions having different sizes, where the large-size graph
region develops much more as the heat treatment temp
ture is raised. At the same time, the sample heat treated a
lowest temperature of 1600 °C involves a trace of nanod
mond as a minority phase. On the basis of the x-ray diffr
tograms, we investigated further the sample heat treate
1700 °C, as a target for the electronic properties of nanos
graphite particles, since this sample is well graphitized w
the features of nanoparticles and there is only a small amo
~;20%! of large-sized particles~see Table I!, where the
amount of large-sized particles is estimated from the ra
between integrated intensities of broad and narrow peak c
tributions assigned to the graphite~002! peak.

Here, in order to estimate the sizesL of the obtained

FIG. 1. X-ray diffractograms of samples heat treated at 1600
1700 °C, 1800 °C, and 2750 °C.A, B, C, D, E, andF are diffraction
peaks indexed to~002!, ~100!, ~101!, ~004!, ~110!, and ~112!, re-
spectively.
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graphite nanoparticles, the intensities of that sample w
corrected for the Lorentz-polarization factor

LP~u!5~11cos22u!/sin2u cosu, ~1!

the atomic form factorf (u), and the factor

A~u!5m/2@12exp~22mt/sin u!#, ~2!

wherem is the absorption coefficient andt is the thickness of
the sample. The total correction of the intensities is th
given by the equation

I corrected5I observed/LP~u!3 f 2~u!3A~u!. ~3!

In Fig. 2 we show the corrected~002!, ~100!, and~101! peaks
of the graphite sample heat treated at 1700 °C. The~002!
peak of graphite was then fitted to two Lorentzian functio
one for the broad peak and one for the narrow peak. In

TABLE I. Fitted parameters for the x-ray-diffraction profiles fo
the sample heat treated at 1700 °C. The peak around 26° is
convoluted into~002! narrow and broad peaks, and that arou
43°–47° into~100! and ~101! peaks.

Peak
Area

~arb. units!
Amplitude
~arb. units!

Position
~deg!

Width
~deg!

~002! narrow 0.019 0.023 26.035 0.515
~002! broad 0.074 0.012 25.131 4.067
~100! 0.032 0.016 43.226 1.308
~101! 0.069 0.016 44.768 2.838

FIG. 2. ~a! Fittings of the~002! peak to two Lorentzian func-
tions ~solid lines! with different widths for the sample heat treate
at 1700 °C. The inset shows the detailed feature with high an
resolution.~b! Fitting of the combined peak profile of~100! and
~101! peaks to two Lorentzian functions~solid lines! corresponding
to ~100! and ~101! diffraction lines for the sample heat treated
1700 °C.
re
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e

same way, Lorentzian functions were fitted to the~100! and
~101! peaks. The fitted parameters are given in Table I. U
ing these values and a standard silicon powder sample
reference, we estimate the thickness and the in-plane siz
the particle grains. For the broad graphite~002! peak, we
find a grain thickness oft'2.2 nm, and for the narrow pea
a grain thickness oft'19.3 nm. The intensity of the~100!/
~101! peak is so weak that it is difficult to make sure if tw
kinds of peaks with different peak widths are present or
for each in-plane diffraction peak assigned to~100! or ~101!.
Thus, in this case, we deconvolute the broad feature aro
43°–47° into single~100! and~101! peaks on the assumptio
that each peak originates mostly from a single compon
The obtained contribution to the~100! peak summarized in
Table I gives an estimate of the in-plane size ofLa'8 nm.
From the locations of peak centers for the broad and nar
c-axis diffraction~002! peaks at 25.13° and 26.04°, respe
tively, the interlayer distances between graphene sheets
estimated at 0.353 and 0.342 nm, which are considera
longer than the interlayer distance of 0.3354 nm for bu
regular graphite. Judging from the sample thickness in ad
tion to the intergraphene sheet distances, the numbe
graphene sheets are estimated at;56 and;6 for larger and
smaller particles, respectively.

Figure 3 shows the results of the Raman scattering exp
ment for the sample heat treated at 1700 °C. The Ram
scattering spectrum reveals two broad peaks at around 1
and 1350 cm21 which are assigned to theE2g2 and disorder-
induced modes of graphite, respectively, consistent with
finite size of the particles. Using the empirical formu
La'4.43I 1570/I 1350,

13 whereI 1570 and I 1350 are the intensi-
ties of the peaks corresponding to theE2g2 and disorder-
induced modes, respectively, we estimate the in-plane siz
La'7.6 nm, which is consistent with the x-ray analysis me
tioned above.

Scanning electron microscopy is not really suited for o
serving nanosized materials. However, it gives good inf
mation about the morphology of the samples and the form
tion of large-sized particles as well. Scanning electr
microscope observations suggest that the pristine diamon
a very uniform sample composed of nanoparticles of

e-

le

FIG. 3. Raman-scattering spectrum of the samples heat tre
at 1700 °C. The solid line is a fitting curve with two Lorentzia
functions.



a
gh
a
n

ic

y
°
iz
0

pi
ur

d
e

s
d

ac
es
ed
si
iti
,
rg
rg

th
ia

d
th

ins
ut
ar-

the
es-
of

ure
l to
ed
k
n of
tion
w
50

is.
ed
w
era-
ved
of
is

nts
es.
ag-

e
a-

ive
ar
ne-
he

g-
e
ute
ing
c-
ag-

he
l

of

16 390 PRB 58ODD E. ANDERSSONet al.
same particle size. The sample heat treated at 1600 °C is
very uniform with only nanometer-sized particles, thou
pristine diamond particles are evidenced as a minority ph
by x-ray diffraction. At 1700 °C and 1800 °C heat treatme
temperatures, we have some larger-sized graphite part
having particle sizes of;200–500 nm in addition to the
nanosized particles. This is consistent with the x-ra
diffraction experiments. For samples heat treated at 2750
larger-sized particles become major ingredients whose s
are roughly in the same range as those for 1700 and 180
HTT’s.

Figure 4 shows a transmission electron microscope
ture of the sample heat treated at 2750 °C. The struct
features of the heat-treated particles are in good agreem
with the experimental findings in the x-ray-diffraction an
Raman-scattering spectra. Individual nanoparticles are lik
to have polyhedron-shaped crystal habits, whose surface
formed with a stacking of;3–6 graphene sheets. Close
surfaces of graphene multilayers show a hollow inside e
particle, resulting in onion-shaped carbon polyhedra. Th
nanosized polyhedra are present in all samples heat treat
different temperatures between 1600 and 2750 °C. The
is independent of the heat treatment temperature, in add
to the absence of any morphological difference. However
the higher heat treatment temperatures there is a la
amount of large-sized graphite particles, having sizes la
than 100 nm.

Figure 5 shows the result of the ESR investigation on
HTT1700 sample. The ESR spectra reveal two Lorentz
signals. At temperatures above;170 K we have one broad
signal with a linewidthDH'3.7 mT at 295 K. Below 170 K,
a second narrow signal appears withDH50.4– 0.5 mT. The
g values are estimated atg52.0014 and 2.0010 for the broa
and narrow signals, respectively. The small values for
linewidths and the small deviation of theg values from the

FIG. 4. ~a! Transmission electron microscope picture of t
sample heat treated at 2750 °C.~b! A schematic picture of a typica
graphite nanoparticle polyhedron.
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free-electron-sping value suggest that the observed sp
originate not from transition-metal magnetic impurities b
from carbon-inherited spin species in the graphite nanop
ticles. In the temperature range above;80 K, below which
the coexistence of the narrow and broad signals makes
analysis ambiguous, the intensity of the broad signal is
sentially independent of temperature, which gives a value
the spin susceptibility ofxs52.831027 emu/g. The inten-
sity of the narrow signal shows a Curie-type temperat
dependence, where, fitting the data for the narrow signa
the Curie law, we obtain a concentration for the localiz
spinsN5531018 spins/g. The linewidth of the broad pea
decreases with decreasing temperature. The superpositio
the narrow signal upon the broad signal makes the estima
of the linewidth rather difficult in a temperature range belo
about 150 K. Thus the discontinuity appearing between 1
and 110 K is artificial due to the ambiguity of the analys
The linewidth is halved when the temperature is lower
from room temperature to 4.2 K. The linewidth of the narro
signal is independent of temperature over the whole temp
ture range investigated. No ESR saturation effect is obser
for the broad signal up to the maximum microwave power
200 mW, suggesting that the spin-lattice relaxation time
shorter than at least 1026 s.

Magnetic-susceptibility and magnetization measureme
give complementary information on the magnetic properti
The magnetization curve shows the absence of residual m
netization atH50 T andT55.0 K, suggesting the absenc
of ferromagnetic impurities. As exhibited in Fig. 6, the fe
ture of magnetization curve atT55.0 K is explained with the
summation of a linear field-dependent term with a negat
slope and a Brillouin-curve-type positive term. The line
term is associated with the combination of core diamag
tism, orbital diamagnetism, and Pauli paramagnetism. T
Brillouin-curve-type term is explained with localized ma
netic moments ofs5 1

2 . These experimental findings giv
evidence that transition metal magnetic impurities contrib
to the observed results to a negligibly small extent, tak
into account theg value and the linewidth of the ESR spe
tra. In Fig. 7, we show the temperature dependence of m

FIG. 5. Temperature dependence of the intensityI and the line-
width DH for the narrow and broad signals in the ESR spectra
the 1700 °C heat-treated sample.
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netic susceptibility for the sample heat treated at 1700 °C
300 K the total magnetic susceptibilityx is 22.1331026

emu/g. The susceptibility decreases monotonically with
creasing temperature. At low temperatures below;50 K, the
susceptibility shows a Curie-like increase. The data are a
lyzed on the basis that the total susceptibility consists of c
diamagnetism, Curie paramagnetism, orbital diamagnet
and Pauli paramagnetism:x5xcore1xCurie1xorb1xPauli,
where the Pascal rule givesxcore520.531026 emu/g. The
Curie contributionxCurie gives an estimate of the localize
spin concentrationN'131019 spins/g, in good agreemen
with the ESR narrow signal result.

IV. DISCUSSION

A. Structure of the graphite nanoparticle

Now we discuss the structural properties of nanograp
prepared from diamond nanoparticles. The detailed struct
features are summarized from the results of x-ray diffracti
Raman-scattering spectra, scanning electron microscopy
transmission electron microscopy; that is, the prepa

FIG. 6. The magnetization vs field plot at 5.0 K for the 1700
heat-treated sample. The experimental results~full circle! are ex-
plained with the summation of a linear field-dependent term wit
negative slope~solid line! and a Brillouin curve withs5

1
2 ~dashed

line!.

FIG. 7. Temperature dependence of the magnetic susceptib
for the 1700 °C heat-treated sample taken in the field of 1 T.
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graphite nanoparticle forms a polyhedron comprising fa
of graphene multilayers~3–6 graphene sheets!, where the
inside of the polyhedron is a hollow. The average size
graphene sheets is in the range of 7–8 nm. The intergraph
sheet distance is estimated at 0.353 nm, which is consi
ably larger than that for bulk regular graphite: 0.3354 n
The large intergraphene distance ranging around 0.353
suggests more than a 30% reduction in the intergraph
sheet interaction in comparison with bulk regular graphite14

and the strongly disordered stacking feature contributes m
seriously to the reduction in the intersheet interaction, so
we can treat the graphite nanoparticles as an assemb
very weakly bound nanographene sheets. Similar struct
features were obtained by Kuznetsov and co-workers
electron-beam-heated diamond nanoparticles.15,16 In their
work, the heat treatment temperature 1000–1500 °C
lower than that for the present case, giving rise to rat
round-shaped particles with disorderedly wrinkled shee
The structure of the graphite nanoparticle resembles car
onions consisting of round-shaped closed surfaces of m
walls which have been recently discovered.15–18 However,
the presence of edges formed by crossing lines between
jacent flat-planar-shaped graphene sheets is an impo
structural feature different from round-shaped carbon onio
which is understood on the basis of the structure of diam
that is used as a starting material. The$111% diamond surface
having a hexagonal arrangement of carbon atoms has a
most equivalent geometry to that of the graphene hexag
except for the fact that the former is featured by corruga
sheets. There are eight surfaces involved in the$111% surface.
Diamond surfaces are unstable even at room temperature
to the presence ofs dangling bonds protruding from th
surfaces, eventually resulting in a structural rearrangem
with the formation of a superlattice governed byp
bonding.19,20 Accordingly, heat treatment makes the$111%
planes easily converted to graphene planes. As a co
quence, the projected shape of the polyhedral structure f
the@110# direction and its equivalents becomes hexagona
good agreement with the appearance of the observed la
image of nanoparticles as shown in Fig. 4. The 7–8-nm s
of the obtained graphite nanoparticles is larger than tha
the pristine diamond particles, whose typical sizes ran
from 4–6 nm. This is explained by the presence of hollo
inside the graphite nanoparticles, and these hollows occ
10–20 % of the total volume of a nanographite on avera
Corrugated hexagons on the~111! plane of the diamond
structure become flat through the formation ofp-conjugated
hexagons on the graphene layers after heat treatment, w
brings about the extension of the in-plane size. Taking i
account the difference in densities between graphite~2.25
g/cm3! and diamond~3.52 g/cm3!, the observed increase i
the particle volume in the graphitization process is reas
ably understood.

B. Edge electronic states

Next we discuss the electronic and magnetic propertie
graphite nanoparticles. The results of ESR and magnetic
ceptibility suggest two kinds of paramagnetic species. On
them corresponds to the Curie contribution as observed
the narrow ESR signal and the Curie tail in the temperat
dependence of magnetic susceptibility, where the concen

a

ity



on
ro
ro

pe
n
ve
th
th

v
ity
u
.
re
g

or
a
n
iz
s
-
tu

d
e

ss
d

,
g

v

e
a

a
pi

-
su
e
n
h
.

e

the
n-
are
the

is
ty

rie
gne-
al-
the

pti-
nd

ti-

16 392 PRB 58ODD E. ANDERSSONet al.
tion of localized spins is estimated at;131019/g. The in-
dependence of the narrow ESR signal from the broad
and the temperature-independent linewidth for the nar
signal demonstrate that the localized spins are isolated f
their surroundings. Consequently, they are considered to
assigned to localized spins associated with defects inde
dent of the graphitep electrons. The observed spin conce
tration proves that each graphite nanoparticle has, on a
age, one localized spin of defect origin, according to
information on the size of the nanoparticles which gives
mean weight of a single particle of;10219 g. The ESR
broad signal is considered to be assigned top-electron spins,
since the graphite electronic structure around the Fermi le
is governed byp-electron bands. The magnetic susceptibil
ascribed to the broad signal is independent of temperat
showing a feature characteristic of Pauli paramagnetism

Here we extract information on the electronic structu
from the results of the magnetic susceptibility. In the ma
netic susceptibility after the correction of the Curie and c
terms, there are two other contributions; the Pauli param
netic contribution and the orbital diamagnetic contributio
A graphite nanoparticle is considered to consist of finite-s
graphene sheets weakly interacting with adjacent sheet
the same polyhedron surface. Therefore,p electrons are scat
tered around graphene boundaries. The electronic fea
thus characterized with the carrier scattering is interprete
disordered graphite, which Kotosonov theoretically analyz
in terms of the modified version of the Slonczewski-Wei
McClure model for the orbital diamagnetism, as expresse
the following equation:21,22

xorb52
4.631023 sech2$EF/2kB~T1DT!%

T1DT
, ~4!

whereEF is the Fermi energy,kB is the Boltzmann constant
and the Dingle temperatureDT is related to the scatterin
time t associated with disorder scattering as given byDT
'\/pkBt. Here, if we assume that the scattering is go
erned by the particle boundary scatteringt'tb , the scatter-
ing time is expressed in terms of the Fermi velocityvF and
the particle sizeL,22

tb5
L

vF
, ~5!

where the Fermi velocityvF'9.73105 m/s for bulk regular
graphitep bands is employed since the Fermi velocity do
not depend on the location of the Fermi level in the line
k-dependent energy dispersion of the graphitep-electron en-
ergy band.23 ~The energy discreteness expected for the qu
tum size effect of the present nanoparticles involving ty
cally ;103 carbon atoms is in the range of;10 K, which is
estimated from the graphite band width;3 eV,23 giving a
minor effect on the orbital susceptibility.! Using the ob-
served in-plane size of the graphite nanoparticlesLa
'7 – 8 nm, the scattering time is estimated attb'7
310215 s, resulting inDT'390 K. The Fermi energy is ad
justed in such a manner that the slope of the observed
ceptibility vs temperature plot above 150 K is reproduc
since it originates from the orbital susceptibility and is se
sitive to the value of the Fermi energy. The best fitting of t
observed slope to the temperature dependence in Eq~4!
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givesEF'0.082 eV.~As we will discuss later, the presenc
of nonbondingp states located aroundEF , that is specific
for graphite nanoparticles, has to be taken into account in
calculation of the orbital susceptibility. However, the no
bonding states well localized around the particle edges
considered not to contribute to such a large extent that
present discussion becomes invalid.! The calculated orbital
diamagnetic susceptibility as a function of temperature
given in Figs. 8 and 9 in addition to other susceptibili

FIG. 8. The contributions of the Pauli paramagnetism, the Cu
paramagnetism, the orbital diamagnetism, and the core diama
tism to the observed susceptibility. The orbital susceptibility is c
culated with the two sets of values for the Fermi energy and
Dingle temperature:EF50.082 eV and DT5390 K, and EF

50.105 eV andDT5590 K.

FIG. 9. The detailed behavior of the calculated orbital susce
bility using two sets of fitting parameters for the Fermi energy a
the Dingle temperature,EF50.082 eV andDT5390 K, andEF

50.105 eV andDT5590 K, compared with the observed suscep
bility above 200 K.
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contributions. The observed susceptibility decreases mo
tonically as the temperature is lowered in a high-tempera
range above about 150 K. The slope of the susceptibility
temperature curve is not well reproduced in the calcula
orbital diamagnetic susceptibility even in the best fitting w
EF50.082 eV, as shown in Fig. 9. After the subtraction
the orbital susceptibility, we obtain the Pauli paramagne
susceptibilityxPauli as the remaining constituent, which co
responds to the broad ESR signal. The absolute value o
Pauli paramagnetic susceptibility is estimated at
31026 emu/g at room temperature from the observed m
netic susceptibility, but some temperature dependence
pears at low temperatures which is caused by an artifac
the fitting due to the inappropriateness of the chosen va
In order to try to reduce the effect, we take another choice
DT, with the value ofDT'590 K from the information of
nanographites in activated carbon fibers which are con
ered to have a similar particle size to that of the pres
graphite nanoparticles.22 In this case, the artificial tempera
ture dependence is eliminated in the Pauli paramagnetic
tribution with EF'0.105 eV andxPauli'1.731026 emu/g at
room temperature, and the slope is roughly reproduced ab
200 K, as shown in Fig. 9. The obtained values of the Pa
paramagnetic susceptibility are not so different between
two choices ofDT. Consequently, the above calculatio
suggest that the absolute value of the orbital susceptibilit
rather insensitive to the value of the Fermi energy if it
around 0.1 eV. Moreover, the weak temperature depende
of the orbital susceptibility in the temperature range abo
200 K is considered to be associated with the small Fe
energy.

The ESR broad signal gives an estimate of 2.831027

emu/g for the Pauli paramagnetic contribution which
about one order of magnitude smaller than that estima
from the magnetic susceptibility. The difference is cons
ered to be caused not only by the calculation of the E
intensity but also by the ambiguous estimation of the orb
diamagnetic susceptibility on the basis of the values of
Fermi energy and the disorder-induced scattering time.
presence of large-size particles, whose amount is;20%,
introduces another factor that has to be considered in m
quantitative calculations. However, it is worth noting th
the values of the observed Pauli paramagnetic sus
tibility are one or two orders of magnitudes larger than
Pauli contribution expected for bulk regular graphi
with xPauli'231028 emu/g, that is estimated from
EF'0.082– 0.105 eV.23,24 This means a considerably larg
enhancement in the density of states at the Fermi en
compared with bulk regular graphite, where the Fermi
ergy is placed around the minimum in the density of sta
between the bondingp and antibondingp* bands. There-
fore, the enhanced density of states suggests the presen
an additional band superimposed upon the ordinary graph
p and p* bands around the Fermi energy. There are t
possibilities for the assignment of the additional band, d
gling bonds ofs orbital origin and a nonbondingp orbital,
the latter of which was theoretically suggested by Tan
et al.5 and Fujita and co-workers.6–8 The sample was
handled in air, so thats dangling bonds are considered to
saturated with foreign atoms such as oxygen and hydro
through oxidation due to their strong chemical activity, r
o-
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sulting in a magnetically silent feature of thes bonds. It will
also be plausible that dangling bonds at the edges of adja
graphene sheets are cross-linked to each other, and are
tually eliminated at the regions to which foreign atoms a
not accessible. Moreover, even if spins ofs dangling bonds
exist, they are expected to behave as localized magnetic
ments having a Curie-type feature, since they do not inte
with surroundingp ands electrons which are considered
occupy the orbitals orthogonal to the dangling-bond orbi
Therefore, the observed temperature-independent featu
the paramagnetic susceptibility is not in agreement with t
expected above.

The other possibility is related to nonbondingp orbitals.
A nanographite sheet of an arbitrary shape has a perip
consisting of zigzag- and armchair-type edges where the
tio between these edges varies depending on the edge s
An armchair-type edge does not add any additional featu
to the electronic structure of graphene, whereas an ed
inheritedp state appears in the case of the periphery hav
a zigzag shape. The edgep states are suggested to be locat
between thep bonding andp* antibonding bands as non
bonding states, where electrons in the states are local
around the marginal region of a nanographene sheet. Co
quently, the presence of the edge states on zigzag e
around the Fermi energy makes an additional contribution
the density of states, resulting in the enhancement in
Pauli paramagnetic susceptibility. In other words, the
hanced paramagnetic susceptibility strongly proves the p
ence of the edge-inherited nonbondingp levels around the
Fermi energy, although the participation of cross-linki
bonds between adjacent graphene sheets will modify the
tures of the edge states in the present case where an
corresponds to the openp-bond edge formed by crossin
adjacent graphene sheets; that is, it separates an exte
p-electron region into two subregions. This interesting el
tronic structure of the edge origin is associated with
nanosized features of the particles investigated, taking
account that the edge states are mostly emphasize
nanometer-sized particles according to the theoret
suggestions.7 In this connection, it should be remembere
that the graphite nanoparticles, prepared from diamond na
particles which consist of faces of planar graphene she
are different from fullerenes and carbon onions formed w
spherical closed cages of a carbon hexagon network with
admixture of a small number of pentagon rings.

C. Spin-lattice relaxation

Finally, we discuss the origin of the linewidth for th
broad ESR signal assigned top electrons. The linewidth de
creases monotonically as the lowering of the temperature
liquid helium temperature it goes toDH'20 G. No power
saturation in the microwave power saturation measureme
observed up to 200 mW, which suggests that the spin-lat
relaxation timeT1 is shorter than 1026 s. Taking into con-
sideration the Lorentzian line shape, the motional narrow
effect suppresses the contribution of the spin-spin relaxa
process to the linewidth, similar to the case of conduct
electrons in ordinary metals. In other words, the linewidth
governed by the spin-lattice relaxation process. According
theoretical suggestion,2 the linewidth associated with th
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spin-lattice relaxation in an ordinary conduction carrier s
tem ~Elliott mechanism! is expressed by the equations,

DH'
\

2)gmBT1

, ~6!

1

T1
'a~Dg!2S 1

tb
1

1

tp
D , ~7!

where a is a numerical factor whose magnitude is on t
order of 1,mB is the Bohr magneton, andDg is the deviation
of the g value from the free-electron sping value ~2.0023!.
tb and tp are the scattering times associated with electr
scattering events by particle boundaries and phonons, res
tively, where the former is temperature independent and
latter is temperature dependent and gives no contributio
T50 K. tb is given by Eq.~5!, and tp is related to the
electron mean free pathl p caused by the electron-phono
interaction:

tp5
l p

nF
. ~8!

Using the estimated value oftb and the observedg-value
deviation Dg5g2g0'21.031023, T1 is calculated at
;(7 – 8)31029 s for particle boundary scattering, where w
assumea'1. Meanwhile, the ESR linewidth atT50 K
gives the observed relaxation timeT1'0.4731029 s
through the relation betweenDH and T1 given in Eq.~6!.
Consequently, the observed relaxation time atT50 K is
semiquantitatively explained on the basis of the parti
boundary scattering process. Here, since nonbonding e
states are considered to interact withp and p* electronic
states, it should be noted that the resulting modification
the electronic structure around the Fermi energy contribu
to the difference between the experimentally obtained re
and the theoretical prediction.

We attribute the temperature-dependent term in the l
width to the phonon contribution according to Eq.~7!. It is
very surprising that the graphite nanoparticles have
temperature-dependent feature in the linewidth, becaus
ordinary nanoparticles, the electron mean free path ass
ated with phonon scattering is apt to be larger than the
ticle size, resulting in ineffectiveness of the phonon scat
ing. Graphite has two kinds of phonon modes whi
contribute to the electron-phonon process, longitudi
acoustic in-plane and out-of-plane modes, where the en
of the in-plane mode~Debye temperature;2480 K! is about
one order of magnitude larger than that of the out-of-pla
one ~Debye temperature;180.5 K!, since the former is re-
lated to the strong in-plane carbon-carbon force const
while the latter is related to the weak interplane one.25,26 In
regular bulk graphite, the scattering time associated with
in-plane acoustic phonons is estimated to be 10212 s around
room temperature, giving a mean free path of ab
102 nm,27 which is more than one order of magnitude larg
than the particle size. This means that the in-plane pho
process that is dominant in ordinary regular graphite is no
work in the spin-lattice relaxation mechanism in graph
nanoparticles.
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Next we discuss the longitudinal out-of-plane phon
mode as a plausible candidate, due to its energy range;200
K. The elongation of the intersheet distance in graphite na
particles reduces the strength of the intergraphene shee
teraction to a considerable extent, as already mentione14

This results in a softening of the phonon mode. Moreov
the phonon energy spectrum is expected to be featured
discrete energy levels since only a small number of graph
sheets~3–6 sheets! participate in the graphite nanoparticl
Therefore, the excitation of the low-energy phonons, tak
place even at low temperatures, is expected to contribut
the spin-lattice relaxation process. However, the estima
scattering timetp ~Ref. 28! is still orders of magnitudes
larger than the value (;10215 s) obtained from the experi
mental result with Eq.~7!. Thus an ordinary electron-phono
mechanism of Elliott type, that is related to the acous
phonons of graphite, is ruled out as an explanation for
temperature dependence in the ESR linewidth.

Here emerges another plausible mechanism related to
nonbondingp electrons of the edge states which is not m
diated through the acoustic phonons. The potentials of
peripheral atoms, around which nonbondingp electrons are
localized, work to scatter conductionp electrons, and are
able to participate in the spin-lattice relaxation proce
Meanwhile, there exist Wallis-type local phonon modes
sociated with the vibrations of peripheral carbon atoms
corporated with foreign atoms or cross-linked carbon ato
attached to the edges of graphene sheets.29–31If a conduction
electron interacts with an atom in which an electron o
nonbonding edge state is localized, the duration time fo
scattering event is estimated attd'2310216 s from the re-
lation td'r /nF where the force ranger of the interaction
between the atom and a conduction electron is assumed
;0.2 nm. The spin-lattice relaxation time associated with
interaction is given by the equation32

1

T1
'

2td

p S uHsou
\ D 2

, ~9!

whereHso is the Hamiltonian for the spin-orbit interaction o
the atom having a localized nonbonding state, whose ma
tude is in the range of the spin-orbit couplingl. In this
mechanism, where local phonons work as a reservoir,
interaction between electrons in the nonbonding band
the phonons gives a temperature dependence to the
lattice relaxation time. Equation~9! gives an estimate o
T1'1028 s for the spin-orbit coupling of carbon
l'14 cm21,33 which is roughly comparable to that observe
in the temperature-dependent term of the ESR linewid
Consequently, the scattering of conduction electrons by
potentials of peripheral atoms having edge-inherited e
tronic and lattice dynamical features is the most plausi
origin of the temperature-dependent spin-lattice relaxat
process.

V. SUMMARY

Nanosized graphite particles are prepared through h
treatment of diamond nanoparticles with a size of 4–6 n
Heat treatment at a temperature above 1600 °C converts
mond nanoparticles into graphite nanoparticles, and the
evation in the heat treatment temperature does not make
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particle size increase. According to the results of x-ray d
fraction, Raman-scattering spectra, and transmission elec
microscopy, the prepared graphite nanoparticle forms a p
hedron with a hollow inside it, whose faces comprise a sta
ing of 3–6 planar graphene sheets with the in-plane size
7–8 nm and an intersheet distance of 0.353 nm. The in
sheet distance is considerably larger than that for bulk gra
ite ~0.3354 nm!, resulting in a large reduction in the streng
of interlayer interaction. ESR and magnetic susceptibi
provide evidence of a considerable enhancement in the
sity of states at the Fermi energy. This fact means the p
ence of an additional band superimposed upon the bondinp
and the antibondingp* bands around the Fermi energy. Ta
ing into consideration the discontinuous shape at edge l
formed by crossing adjacent graphene sheets, grap
sheets in a nanographite particle have openp-bond edges. In
general, the periphery of a finite-size graphene sheet con
of zigzag- and armchair-type edges. Theoretical suggest
predict the formation of edge-inherited states having a n
bondingp-electron feature around the Fermi energy in t
case of zigzag-type edges, where electrons in the state
mostly located around the marginal region of a graph
sheet. As a consequence, the enhancement in the dens
states is suggestive of the contribution of the edge state
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the electronic structure of nanosized graphene with openp-
bond edges. This interesting electronic feature is consid
to be associated with the specific size of graphite nano
ticles. The ESR spin-lattice relaxation process governed
boundary scattering events ofp electrons is suggestive o
specific features associated with the small size of the
ticles as well.

ACKNOWLEDGMENTS

The authors express their sincere thanks to Professor
sutaka Fujita, Yoshiyuki Shibayama, Professor Ko Sugih
Dr. Sumio Iijima, Professor V. L. Kuznetsov, and Profess
A. S. Kotosonov for their valuable discussions. Most imp
tantly, our discussion with the late Professor Fujita gave
an important clue for explaining the magnetic behavior
graphite nanoparticles. The analysis of the ESR result
related to fruitful discussions with Professor Sugiha
O.E.A. and B.L.V.P. were supported by the Japan Scie
Promotion Society. This work was supported partly
Grants-in-Aid for Scientific Research Nos. 0840404
09243209, and 09216205 from the Ministry of Educatio
Science and Culture, Japan.
n

,

t

,

e

,

l.
*Author to whom correspondence should be addressed. Electro
address: tenoki@chem.titech.ac.jp

1M. S. Dresselhaus, G Dresselhaus, and P. C. Eklund,Science of
Fullerenes and Carbon Nanotubes~Academic, San Diego,
1996!.

2R. Kubo, J. Phys. Soc. Jpn.17, 975 ~1962!.
3S. J. Tans, M. H. Devoret, H. Dai, A. Thess, R. E. Smalley, L. J

Geerligs, and C. Dekker, Nature~London! 386, 474 ~1997!.
4J. W. G. Wildoer, L. C. Venema, A. G. Rinzler, R. E. Smalley

and C. Dekker, Nature~London! 391, 59 ~1998!.
5K. Tanaka, S. Yamashita, H. Yamabe, and T. Yamabe, Syn

Met. 17, 143 ~1987!.
6M. Fujita, K. Wakabayashi, K. Nakada, and K. Kusakabe, J

Phys. Soc. Jpn.65, 1920~1996!.
7K. Nakada, M. Fujita, G. Dresselhaus, and M. S. Dresselhau

Phys. Rev. B54, 17 954~1996!.
8M. Fujita, M. Igami, and K. Nakada, J. Phys. Soc. Jpn.66, 1864

~1997!.
9A. M. Staver, N. V. Gubareva, A. I. Lyamkin, and E. A. Petrov

Fiz. Goreniya Vzryva20, 100 ~1984!.
10N. R. Greiner, D. S. Phillips, J. D. Johnson, and F. Volk, Natur

~London! 333, 440 ~1988!.
11T. Evans and P. F. James, Proc. R. Soc. London, Ser. A277, 260

~1964!.
12L. S. Singer and J. Kommandauer, J. Chem. Phys.34, 133~1961!.
13D. S. Knight and W. B. White, J. Mater. Res.4, 385 ~1989!.
14H. Nagayoshi, Ph.D. thesis, University of Tokyo, 1975.
ic

.

h.

.

s,

15V. L. Kuznetsov, I. Yu Malkov, A. L. Chuvilin, E. M. Moroz, V.
N. Kolomiichuk, Sh. K. Shaichutdinov, and Yu V. Butenko
Carbon32, 873 ~1994!.

16V. L. Kuznetsov, A. L. Chuvilin, Yu V. Butenko, I. Yu Malkov,
V. M. Titov, Chem. Phys. Lett.222, 343 ~1994!.

17D. Ugarte, Nature~London! 359, 707 ~1992!.
18W. A. de Heer and D. Ugarte, Chem. Phys. Lett.207, 480~1993!.
19K. C. Pandey, Phys. Rev. B25, 4338~1982!.
20G. Kern, J. Hafner, and G. Kresse, Surf. Sci.366, 445 ~1996!.
21A. S. Kotosonov, Piz’ma Zh. Eksp. Teor. Fiz.43, 30 ~1986!

@JETP43, 37 ~1986!#.
22Y. Shibayama, H. Sato, T. Enoki, M. Endo, and N. Shindo, Mo

Cryst. Liq. Cryst.310, 273 ~1998!.
23B. T. Kelly, Physics of Graphite~Applied Science, London,

1981!.
24R. Saito, Ph.D. thesis, University of Tokyo, 1984.
25K. Komatsu, J. Phys. Soc. Jpn.10, 346 ~1955!.
26K. Sugihara, Y. Hishiyama, and A. Ono, Phys. Rev. B34, 4298

~1986!.
27K. Sugihara, Phys. Rev. B28, 2157~1983!.
28K. Sugihara, Phys. Rev. B37, 7063~1988!.
29F. Wallis, Phys. Rev.116, 302 ~1959!.
30M. Igami, Master’s thesis, University of Tsukuba, 1998.
31M. Igami, M. Fujita, and S. Mizuno, Appl. Surf. Sci.130-132,

870 ~1998!.
32K. Sugihara~private communication!.
33K. A. Müller and R. Kleiner, Phys. Lett.1, 98 ~1962!.


