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Structure and electronic properties of graphite nanopatrticles
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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 beratidghe antibonding
7* 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
m-bond edges. On the basis of the theoretical suggestion that nonbandihgals 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 apleond edges.S0163-18208)07948-X

[. INTRODUCTION size graphene sheets depend crucially on the shape of their
edges. The graphene edge of an arbitrary shape comprises
Recently, fullerenes and carbon nanotubes have been tawo types of edges, zigzag type and armchair type, where the
geted for intensive studies due to their interesting electroniéormer has dranspolyacetylene type structure while the lat-
properties related to nanosized systénhs.these materials, ter has ais-polyacetylene one. According to theoretical sug-
m-conjugated carbon hexagon rings are condensed to formgestions, nonbondingr levels appear around the Fermi en-
closed surface with the participation of pentagon rings. Beergy in the case of zigzag-type edges, whereas no
cause of their specific sizes, which are in between ordinarymonbonding levels of this kind exist in armchair-shaped
molecules and bulk solids, they show interesting features iedges. As a consequence, the presence of a nonbomding
their electronic properties in relation to quantum sizeband gives interesting electronic properties associated with
effects?>™* In addition, graphite nanoparticles give anotherelectrons in the nonbonding band which tend to be localized
aspect in carbon-based nanoparticles having conjugatestound the peripheral region. In this respect, an investigation
mr-electron systems. When a graphite crystal is cut into nanoaf graphite nanoparticles will give important information
particles, there appear edges which surround the graphiibout the edges of nanosized open-edged graphene sheets.
particles. A graphite nanoparticle consists of a stacking of In connection with carbon-based nanoparticles, nanosized
nanosized graphene sheets whose peripheries are formdimond particles have been known to be prepared by
with o dangling bonds to which, in actual cases, foreignexplosion-induced high-pressure techniques, where they
chemical species such as hydrogen or oxygen tend to react rave a regular atomic arrangement of a diamond structure
the atmosphere, resulting in completed bonds. In this sense véith sizes of ~5 nm%1° Heat treatment above-1000 °C
nanographite is characterized by finite flat graphene sheetonverts diamond into graphite. Accordingly, it is interesting
having open edges, whereas fullerenes and carbon nanotultesprepare graphite nanoparticles by the heat treatment of
have closed surfaces. Therefore, the presence of open edgiamond nanoparticles. In this paper, we present structures
around the peripheral region adds specific features to narand electronic properties of graphite nanoparticles prepared
ographite systems which are different from their closed<from diamond nanoparticles which are investigated by means
surface counterparts, such as fullerenes and carbon nanof scanning electron microscopy, electron microscopy, x-ray
tubes. Recently, Tanalet al® and Fujita and co-workets®  diffraction, Raman scattering, electron-spin resonance
theoretically suggested that the electronic structures of finite(ESR), and magnetic susceptibility. The experimental
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findings suggest that the prepared nano-graphite forms
polyhedron whose faces comprise a stacking of 3—6 plana
graphene sheets with an in-plane size of 7-8 nm. The elec
tronic density of states is found to be considerably enhancei
due to the presence of the edge-inherited nonbondirg-

bitals at the Fermi level, consistent with theoretical sugges'=
tions.
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Il. EXPERIMENTAL DETAILS g
[
Graphite nanoparticles were prepared by graphitization o
nanodiamond powdefCluster Diamond, Toron Company
Ltd. (grain size 4—6 nnq in an inert argon atmosphere. The
mean size and the size distribution of the diamond particles
checked by transmission electron microscopy were in good
agreement with the reported on@atalogue specifications
In order to avoid contamination with magnetic impurities, we
treated nanodiamond particles by soaking in concentrate
HCI before use. However, there was no appreciable chang
in the observed magnetic properties after acid treatment. IIl. RESULTS
20-50 mg of pristine nanodiamond powder placed in a
graphite crucible was heat treated in a graphite furnace in an_Figure 1 shows the x-ray diffractograms of the 1600,
argon atmosphere. To investigate the temperature depef/00, 1800, and 2750 °C heat-treated samples. The 1600 °C
dence of the graphitization process, we employed 1600111 sample shows very broad peaks at the grapt@tg),
1700, 1800, and 2750 °C for heat-treatment temperaturegloo)' (101, (110, and(11_2) positions, as well as additional
where the lowest limit was based on the results of Evans ana‘narp_ peaks coorrespondlng to the diam@til) peak and
Jamed! The holding time at the temperature sva h for mpurities (~45%, where graphite(100 and (0101) peaks
heat treatment temperature®iTT's), 1600, 1700, and merge into a single broad peakoaround 45°, and graphite
1800 °C, and 30 min for a HTT of 2750 °C. The shorter (-0 @nd (112) peaks around 80°. The02) peak has an

L) o . asymmetric shape with a steep high angle tail. The 1700 °C
holding time at 2750 °C is due to the shorter lifetime of theHTT sample shows the coexistence of a very broad peak and

furnface at this tempere_lture. The structure of th_e pbtaineg relatively sharp peak at the graphi@92) position around
particles was characterized by means of transmission ele%o, in addition to a broad peak at 42°—44° corresponding to
tron microscopy, scanning electron microscopy, X-ray poWipe graphite peakél00) and (101). For the 1800 °C HTT

der diffraction and Raman scattering. A transmission e|eCsamp|e, the sharp peak at 26° is more pronounced, indicating
tron microscope observation was carried out using a Phillipghat the crystallite size becomes larger in thexis direction,
EM400 instrument with the acceleration voltage of 120 kV, although the shoulder-shaped broad feature still survives on
while scanning electron microscope pictures were taken ughe low-angle side of the sharp peak. This is also shown in
ing a Hitachi S900 instrument with an acceleration voltage othe sharpe100) and (101) peaks, where a broad shoulder

5 kV. X-ray-diffraction profiles were obtained by a Rigaku contributes on the high-angle side of the sharp feature. For
RINT-2400 instrument with a Cu targ€s0 kV, 120 mA.  the sample heat treated at 1800 °C, we can clearly see peaks
Silicon powder was used to calibrate the diffraction peakof graphite(004), (110, and(112). Increasing the heat treat-
that were obtained. Raman-scattering experiments were cament temperature to 2750 °C does not result in any major
ried out with Jobin-Yvon T64000 instrument together with change in the x-ray diffractogram, except that the narrow
an argon-ion laserN=514.5 nm), using a backscattering peak at 26° now splits into two peaks. The experimental
microprobe technique. Electronic and magnetic propertiefindings suggest the presence of two kinds of graphitic re-
were investigated by means of ESR and magnetic susceptiions having different sizes, where the large-size graphitic
bility. ESR spectra were measured with a conventiokal region develops much more as the heat treatment tempera-
band spectrometefJEOL JES-TE2D in the temperature ture is raised. At the same time, the sample heat treated at the
range 2-300 K, where the magnetic field and microwavdowest temperature of 1600 °C involves a trace of nanodia-
frequency were calibrated using a NMR gaussmeter and mond as a minority phase. On the basis of the x-ray diffrac-
frequency counter, respectively. ESR intensities and spintograms, we investigated further the sample heat treated at
lattice relaxation times were calibrated using DPPH as a refl700 °C, as a target for the electronic properties of nanosized
erence. ESR saturation curves were taken up to the maxgraphite particles, since this sample is well graphitized with
mum microwave power of 200 mW for the estimation of the features of nanoparticles and there is only a small amount
spin-lattice relaxation time¥. The magnetic susceptibility (~20%) of large-sized particle§see Table ), where the

and magnetization were measured with Quantum Desigamount of large-sized particles is estimated from the ratio
MPMS-5 DC-SQUID (superconducting quantum interfer- between integrated intensities of broad and narrow peak con-
ence devicg susceptometer in the temperature range 1.6-tributions assigned to the graphit@02) peak.

300 K under magnetic fields up to 5 T. Here, in order to estimate the sizésof the obtained

FIG. 1. X-ray diffractograms of samples heat treated at 1600 °C,
1700 °C, 1800 °C, and 2750 °@, B, C, D, E, andF are diffraction
eaks indexed t¢002), (100, (101), (004, (110, and (112, re-
%Jectively.
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TABLE I. Fitted parameters for the x-ray-diffraction profiles for
the sample heat treated at 1700 °C. The peak around 26° is de
convoluted into(002 narrow and broad peaks, and that around

~~~
43°—47° into(100) and (101) peaks. g i

=]

Area Amplitude Position Width e ”
Peak (arb. unity  (arb. unitg (deg (deg 5 ‘ll'“ i f J m i
i | Rl i |

(002 narrow 0.019 0.023 26.035 0515 & Wi W il '"N” h'u TR §"" 'M
(002 broad 0.074 0.012 25.131 4.067 é’ ’ p'm
(100 0.032 0.016 43.226 1.308 % L
(101 0.069 0.016 44,768 2.838 =

1300 1400 1500 1600 1700
Wavenumber (cm )

graphite nanoparticles, the intensities of that sample were 5.,
corrected for the Lorentz-polarization factor

LP(0)=(1+005220)/Sm20 cos 0, oy FIG. 3. Raman-scattering spectrum of the samples heat treated
the atomic form factof (), and the factor at 1700 °C. The solid line is a fitting curve with two Lorentzian
' functions.
A(0)=ul21—exp—2ut/sin 6)], (2

. . o . . same way, Lorentzian functions were fitted to {460 and
where is the absorption coefficient antds the thickness of  (101) peaks. The fitted parameters are given in Table I. Us-
the sample. The total correction of the intensities is theﬂng these values and a standard silicon powder sample as a

given by the equation reference, we estimate the thickness and the in-plane size of
) the particle grains. For the broad graph{®2 peak, we
| corrected™ ! abserved L P(6) X f5(6) X A(6). (3 find a grain thickness df~2.2 nm, and for the narrow peak

In Fig. 2 we show the correctd602), (100, and(101) peaks & drain thickness of~19.3 nm. The intensity of the100/
of the graphite sample heat treated at 1700 °C. 0G2) (101 peak is so \_NeaI§ that it is dlfflcglt to make sure if two
peak of graphite was then fitted to two Lorentzian functions Kinds of peaks with different peak widths are present or not

one for the broad peak and one for the narrow peak. In thier each in-plane diffraction peak assigned 160 or (10D.
Thus, in this case, we deconvolute the broad feature around

(002) 43°-47° into singlé100 and(101) peaks on the assumption
that each peak originates mostly from a single component.
The obtained contribution to th@00) peak summarized in
Table | gives an estimate of the in-plane sizeLgf~8 nm.
From the locations of peak centers for the broad and narrow
c-axis diffraction(002) peaks at 25.13° and 26.04°, respec-
tively, the interlayer distances between graphene sheets are
estimated at 0.353 and 0.342 nm, which are considerably
longer than the interlayer distance of 0.3354 nm for bulk
regular graphite. Judging from the sample thickness in addi-
20 (deg) tion to the intergraphene sheet distances, the number of
graphene sheets are estimated-&6 and~6 for larger and
(100),(101) smaller particles, respectively.
Figure 3 shows the results of the Raman scattering experi-
(b) ment for the sample heat treated at 1700 °C. The Raman-
scattering spectrum reveals two broad peaks at around 1570
and 1350 cm® which are assigned to tHe,4, and disorder-
induced modes of graphite, respectively, consistent with the
finite size of the particles. Using the empirical formula
La~4.4X 1 1570/ 1 1350, 2> Wherel ;570 and | ;350 are the intensi-
ties of the peaks corresponding to tBgy, and disorder-
induced modes, respectively, we estimate the in-plane size at
L,~7.6 nm, which is consistent with the x-ray analysis men-

FIG. 2. (a) Fittings of the(002 peak to two Lorentzian func- tioned ab'ove. . _ _
tions (solid lineg with different widths for the sample heat treated Scanning electron microscopy is not really suited for ob-
at 1700 °C. The inset shows the detailed feature with high angléeerg nanosized materials. However, it gives good infor-
resolution. (b) Fitting of the combined peak profile ¢l00) and ~ Mation about the morphology of the samples and the forma-
(101) peaks to two Lorentzian functiorfsolid line9 corresponding  tion of large-sized particles as well. Scanning electron
to (100 and (101) diffraction lines for the sample heat treated at microscope observations suggest that the pristine diamond is
1700 °C. a very uniform sample composed of nanoparticles of the
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FIG. 5. Temperature dependence of the intenisapd the line-
width AH for the narrow and broad signals in the ESR spectra of
the 1700 °C heat-treated sample.

free-electron-spirg value suggest that the observed spins
originate not from transition-metal magnetic impurities but
from carbon-inherited spin species in the graphite nanopar-
ticles. In the temperature range abov&80 K, below which
the coexistence of the narrow and broad signals makes the
same patrticle size. The sample heat treated at 1600 °C is alsmalysis ambiguous, the intensity of the broad signal is es-
very uniform with only nanometer-sized particles, thoughsentially independent of temperature, which gives a value of
pristine diamond particles are evidenced as a minority phasthe spin susceptibility ofys=2.8x10" 7 emu/g. The inten-
by x-ray diffraction. At 1700 °C and 1800 °C heat treatmentsity of the narrow signal shows a Curie-type temperature
temperatures, we have some larger-sized graphite particlelependence, where, fitting the data for the narrow signal to
having particle sizes 0f~200—-500 nm in addition to the the Curie law, we obtain a concentration for the localized
nanosized particles. This is consistent with the x-ray-spinsN=5x 10" spins/g. The linewidth of the broad peak
diffraction experiments. For samples heat treated at 2750 °Glecreases with decreasing temperature. The superposition of
larger-sized particles become major ingredients whose sizeke narrow signal upon the broad signal makes the estimation
are roughly in the same range as those for 1700 and 1800 °6f the linewidth rather difficult in a temperature range below
HTT's. about 150 K. Thus the discontinuity appearing between 150
Figure 4 shows a transmission electron microscope picand 110 K is artificial due to the ambiguity of the analysis.
ture of the sample heat treated at 2750 °C. The structurafhe linewidth is halved when the temperature is lowered
features of the heat-treated particles are in good agreemeftbom room temperature to 4.2 K. The linewidth of the narrow
with the experimental findings in the x-ray-diffraction and signal is independent of temperature over the whole tempera-
Raman-scattering spectra. Individual nanoparticles are likelyure range investigated. No ESR saturation effect is observed
to have polyhedron-shaped crystal habits, whose surfaces afier the broad signal up to the maximum microwave power of
formed with a stacking of~3-6 graphene sheets. Closed 200 mW, suggesting that the spin-lattice relaxation time is
surfaces of graphene multilayers show a hollow inside eackhorter than at least 16 s.
particle, resulting in onion-shaped carbon polyhedra. These Magnetic-susceptibility and magnetization measurements
nanosized polyhedra are present in all samples heat treatedgite complementary information on the magnetic properties.
different temperatures between 1600 and 2750 °C. The siZ€he magnetization curve shows the absence of residual mag-
is independent of the heat treatment temperature, in additionetization atH=0 T andT=5.0 K, suggesting the absence
to the absence of any morphological difference. However, abf ferromagnetic impurities. As exhibited in Fig. 6, the fea-
the higher heat treatment temperatures there is a larg&ure of magnetization curve @t=5.0 K is explained with the
amount of large-sized graphite particles, having sizes largesummation of a linear field-dependent term with a negative
than 100 nm. slope and a Brillouin-curve-type positive term. The linear
Figure 5 shows the result of the ESR investigation on theerm is associated with the combination of core diamagne-
HTT1700 sample. The ESR spectra reveal two Lorentzianism, orbital diamagnetism, and Pauli paramagnetism. The
signals. At temperatures abovel70 K we have one broad Brillouin-curve-type term is explained with localized mag-
signal with a linewidttAH~3.7 mT at 295 K. Below 170 K, netic moments ofs=3. These experimental findings give
a second narrow signal appears withi=0.4—-0.5mT. The evidence that transition metal magnetic impurities contribute
g values are estimated gt=2.0014 and 2.0010 for the broad to the observed results to a negligibly small extent, taking
and narrow signals, respectively. The small values for thénto account they value and the linewidth of the ESR spec-
linewidths and the small deviation of tlgevalues from the tra. In Fig. 7, we show the temperature dependence of mag-

FIG. 4. (a) Transmission electron microscope picture of the
sample heat treated at 2750 10) A schematic picture of a typical
graphite nanoparticle polyhedron.
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graphite nanoparticle forms a polyhedron comprising faces
of graphene multilayer$3—6 graphene shegtsvhere the
inside of the polyhedron is a hollow. The average size of
graphene sheets is in the range of 7—8 nm. The intergraphene
sheet distance is estimated at 0.353 nm, which is consider-
ably larger than that for bulk regular graphite: 0.3354 nm.
The large intergraphene distance ranging around 0.353 nm
suggests more than a 30% reduction in the intergraphene
sheet interaction in comparison with bulk regular graphite,
and the strongly disordered stacking feature contributes more
seriously to the reduction in the intersheet interaction, so that
. we can treat the graphite nanoparticles as an assembly of
6 very weakly bound nanographene sheets. Similar structural
features were obtained by Kuznetsov and co-workers for
electron-beam-heated diamond nanopartitiéS. In their
work, the heat treatment temperature 1000—1500 °C was
lower than that for the present case, giving rise to rather
plained with the summation of a linear field-dependent term with #0Und-shaped particles with disorderedly wrinkled sheets.
negative slopésolid line) and a Brillouin curve withs:% (dashed Th_e StrUCtur_e Qf the graphite nanoparticle resembles Carb‘?”
line). onions consisting of round-shaped closed surfaces of multi-
walls which have been recently discoveréd:® However,

netic susceptibility for the sample heat treated at 1700 °C. Ajn€ presence of edges formed by crossing lines between ad-
300 K the total magnetic susceptibility is —2.13x 107 jacent flat-planar-shaped graphene sheets is an important

emu/g. The susceptibility decreases monotonically with de_structural feature different from round-shaped carbon onions,

creasing temperature. At low temperatures bete80 K, the which is understood on the basis of the structure of diamond

susceptibility shows a Curie-like increase. The data are anilbat_ IS use;]d asa stallrtmg material. 'I{?é]}t?lamond SL:]rface |
lyzed on the basis that the total susceptibility consists of cordaVINg @ hexagonal arrangement of carbon atoms has an al-

diamagnetism, Curie paramagnetism, orbital diamagnetisnfl'St €quivalent geometry to that of the graphene hexagons,
and Pauli paramagnetismy = xcorct Xcurict Yot Xpauis  CXCEPL for the fact that the former is featured by corrugated

where the Pascal rule givag. —0.5x 10~ emu/g. The sheets. There are eight surfaces involved in{ii€} surface.
ore . " H
Curie contributionyeyre gives an estimate of the localized Diamond surfaces are unstable even at room temperature due

spin concentratioMN~1X 10'° spins/g, in good agreement fo the presence obr dangli_ng ponds protruding from the
with the ESR narrow signal result. sgrfaces, eventuz_ally resulting in a st.ructural rearrangement
with the formation of a superlattice governed by
bonding®®?° Accordingly, heat treatment makes thell}
IV. DISCUSSION planes easily converted to graphene planes. As a conse-
quence, the projected shape of the polyhedral structure from
the[110] direction and its equivalents becomes hexagonal, in
Now we discuss the structural properties of nanographitgjood agreement with the appearance of the observed lattice
prepared from diamond nanoparticles. The detailed structuranage of nanoparticles as shown in Fig. 4. The 7—-8-nm size
features are summarized from the results of x-ray diffractionof the obtained graphite nanoparticles is larger than that of
Raman-scattering spectra, scanning electron microscopy amde pristine diamond particles, whose typical sizes range
transmission electron microscopy; that is, the preparegrom 4—6 nm. This is explained by the presence of hollows
inside the graphite nanoparticles, and these hollows occupy
1.0 ———— —T— 10-20 % of the total volume of a nanographite on average.
L. 1 Corrugated hexagons on tH&11) plane of the diamond
[ T structure become flat through the formationmtonjugated
hexagons on the graphene layers after heat treatment, which
I* ] brings about the extension of the in-plane size. Taking into
. ] account the difference in densities between graptft@s
[ ] g/cnt) and diamond3.52 g/cr), the observed increase in
[ . ] the particle volume in the graphitization process is reason-
L . J ably understood.

H (T)

FIG. 6. The magnetization vs field plot at 5.0 K for the 1700 °C
heat-treated sample. The experimental res{ilith circle) are ex-

A. Structure of the graphite nanoparticle

7 (10 emu/g)
o
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L RN Next we discuss the electronic and magnetic properties of
0 50 100 150 200 250 300 graphite nanoparticles. The results of ESR and magnetic sus-

T (K) ceptibility suggest two kinds of paramagnetic species. One of

them corresponds to the Curie contribution as observed in

FIG. 7. Temperature dependence of the magnetic susceptibilitthe narrow ESR signal and the Curie tail in the temperature
for the 1700 °C heat-treated sample taken in the field of 1 T. dependence of magnetic susceptibility, where the concentra-

B. Edge electronic states
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tion of localized spins is estimated at1x 10'%g. The in- L R L

; 61 E.=0082eV |
dependence of the narrow ESR signal from the broad one F
and the temperature-independent linewidth for the narrow AT e A
signal demonstrate that the localized spins are isolated from 2 fommmeneee ® © 1
their surroundings. Consequently, they are considered to be ok 4
assigned to localized spins associated with defects indepen- — 1
dent of the graphiter electrons. The observed spin concen- g’ 2F
tration proves that each graphite nanoparticle has, on aver- = P L
age, one localized spin of defect origin, according to the 2 £ = 01056V
information on the size of the nanoparticles which gives the o 4l F

- AT =590 K
mean weight of a single particle 610 °g. The ESR <
broad signal is considered to be assigned-®lectron spins, 20 secosceonsae TPmi <
since the graphite electronic structure around the Fermi level 0 Mmmrrvres v v v oy Y v vy ’,‘;;
is governed byr-electron bands. The magnetic susceptibility it B
ascribed to the broad signal is independent of temperature, 2 P s sa s s aas P
showing a feature characteristic of Pauli paramagnetism. 4 [ommesssgeoesgveees
Here we extract information on the electronic structure 0 100 200 300 400

from the results of the magnetic susceptibility. In the mag-
netic susceptibility after the correction of the Curie and core
terr_ns, ther_e are two other con_tnbu'qons; the_Pauh paramag- g g The contributions of the Pauli paramagnetism, the Curie
netic contribution and the orbital diamagnetic contribution. ;2 magnetism, the orbital diamagnetism, and the core diamagne-
A graphite nanoparticle is considered to consist of finite-Sizgjsm 1o the observed susceptibility. The orbital susceptibility is cal-
graphene sheets weakly interacting with adjacent sheets Qiyjated with the two sets of values for the Fermi energy and the
the same polyhedron surface. Therefaralectrons are scat- pingle temperature:Er=0.082 eV and AT=390 K, and Ep

tered around graphene boundaries. The electronic featurep.105 eV andA T=590 K.

thus characterized with the carrier scattering is interpreted as

disordered graphite, which Kotosonov theoretically analyzed . I
in terms of 9t]hepmodified version of the Slonczew;/ki—Weyiss—g'Ves’EF%O'082 eV.(As we will discuss later, the presence

McClure model for the orbital diamagnetism, as expressed i f nonbo_ndlngw states located arourt: that IS spemﬁp
the following equatiorf*22 or graphite nanoparticles, has to be taken into account in the

calculation of the orbital susceptibility. However, the non-
4.6x10 3 secR{Ep/2kg(T+AT)} bonding states well localized around the particle edges are
Xorb™ ~ TEAT , (4 considered not to contribute to such a large extent that the
present discussion becomes invglidihe calculated orbital
whereEg is the Fermi energykg is the Boltzmann constant, diamagnetic susceptibility as a function of temperature is
and the Dingle temperatur®T is related to the scattering given in Figs. 8 and 9 in addition to other susceptibility
time 7 associated with disorder scattering as givenAy
~hlmkgT. Here, if we assume that the scattering is gov-

T(K)

erned by the particle boundary scatterirrg 7, , the scatter- 413 F E.=0.082eV AT=390K
ing time is expressed in terms of the Fermi veloaity and 420} .
the particle sizd.,??
-4.27 | . 1
L | & o o ¢ Kor ]
=", 5 —

UF ©-3.33F E.=0105eV AT=590K -
where the Fermi velocity ~9.7x 10° m/s for bulk regular E *
graphites bands is employed since the Fermi velocity does D 336 . T
not depend on the location of the Fermi level in the linear o . Ko
k-dependent energy dispersion of the graphitelectron en- = e ° =
ergy band’® (The energy discreteness expected for the quan- N213} . ° T
tum size effect of the present nanoparticles involving typi- .
cally ~10° carbon atoms is in the range 6f10 K, which is -2.16 | . ° .
estimated from the graphite band widti3 eV 2 giving a . Zoseomed
minor effect on the orbital susceptibililyUsing the ob- ool o TP
served in-plane size of the graphite nanoparticles 200 250 300 350
~7-8nm, the scattering time is estimated aj~7 T (K)

x 1015 s, resulting inAT~390 K. The Fermi energy is ad-

justed in such a manner that the slope of the observed sus- FiG. 9. The detailed behavior of the calculated orbital suscepti-
ceptibility vs temperature plot above 150 K is reproducedbility using two sets of fitting parameters for the Fermi energy and
since it originates from the orbital susceptibility and is sen-the Dingle temperatureE-=0.082 eV andAT=390 K, andE¢
sitive to the value of the Fermi energy. The best fitting of the=0.105 eV andA T=590 K, compared with the observed suscepti-
observed slope to the temperature dependence in(4q. bility above 200 K.
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contributions. The observed susceptibility decreases mongulting in a magnetically silent feature of thebonds. It will
tonically as the temperature is lowered in a high-temperaturalso be plausible that dangling bonds at the edges of adjacent
range above about 150 K. The slope of the susceptibility vgraphene sheets are cross-linked to each other, and are even-
temperature curve is not well reproduced in the calculatedually eliminated at the regions to which foreign atoms are
orbital diamagnetic susceptibility even in the best fitting with not accessible. Moreover, even if spinsctlangling bonds
E-=0.082 eV, as shown in Fig. 9. After the subtraction of €xist, they are expected to behave as localized magnetic mo-
the orbital susceptibility, we obtain the Pauli paramagnetidnents having a Curie-type feature, since they do not interact
susceptibility ypayi @S the remaining constituent, which cor- with surroundingsm and o electrons which are considered to
responds to the broad ESR signal. The absolute value of tHeccupy the orbitals orthogonal to the dangling-bond orbital.
Pauli paramagnetic susceptibility is estimated at 2.6Therefore, the observed temperature-independent feature in
% 10 ® emu/g at room temperature from the observed magthe paramagnetic susceptibility is not in agreement with that
netic susceptibility, but some temperature dependence agxpected above. . _

pears at low temperatures which is caused by an artifact of The other possibility is related to nonbondimgorbitals.

the fitting due to the inappropriateness of the chosen valug nanographite sheet of an arbitrary shape has a periphery
In order to try to reduce the effect, we take another choice ofonsisting of zigzag- and armchair-type edges where the ra-
AT, with the value ofAT~590 K from the information of 10 between these edges varies depending on the edge shape.
nanographites in activated carbon fibers which are consid®n armchair-type edge does not add any additional features
ered to have a similar particle size to that of the preseni0 the electronic structure of graphene, whereas an edge-
graphite nanoparticlé?. In this case, the artificial tempera- inherited= state appears in the case of the periphery having
ture dependence is eliminated in the Pauli paramagnetic coit 2igZag shape. The edgestates are suggested to be located
tribution with Ex~0.105 eV andypa,~1.7X 10~ ° emu/g at betwgen ther bonding and=* antllbondlng bands as non-
room temperature, and the slope is roughly reproduced abowronding states, yvhere glectrons in the states are localized
200 K, as shown in Fig. 9. The obtained values of the Paulground the marginal region of a nanographene sheet. Conse-
paramagnetic susceptibility are not so different between thguently, the presence of the edge states on zigzag edges
two choices ofAT. Consequently, the above calculations @round the Fermi energy makes an additional contribution to
suggest that the absolute value of the orbital susceptibility i§€ density of states, resulting in the enhancement in the
rather insensitive to the value of the Fermi energy if it isPauli paramagnetic susceptibility. In other words, the en-
around 0.1 eV. Moreover, the weak temperature dependendnced paramagnetic susceptibility strongly proves the pres-
of the orbital susceptibility in the temperature range aboveence of the edge-inherited nonbondingevels around the

200 K is considered to be associated with the small Fermf€rmi energy, although the participation of cross-linking
bonds between adjacent graphene sheets will modify the fea-
energy.

The ESR broad signal gives an estimate of>21® 7 tures of the edge states in the present case where an edge
emulg for the Pauli paramagnetic contribution which iscorresponds to the opef-bond edge formed by crossing
about one order of magnitude smaller than that estimate@diacent graphene sheets; that is, it separates an extended
from the magnetic susceptibility. The difference is consid-7-€lectron region into two subregions. This interesting elec-
ered to be caused not only by the calculation of the ESHronic _structure of the edge origin is assomated w_lth t_he
intensity but also by the ambiguous estimation of the orbitai@nosized features of the particles investigated, taking into
diamagnetic susceptibility on the basis of the values of théccount that the edge states are mostly emphasized in
Fermi energy and the disorder-induced scattering time. ThB@nometer-sized particles according to the theoretical
presence of large-size particles, whose amount-20%, suggestloné.ln this connection, it should be rgmembered
introduces another factor that has to be considered in mor&at the graphite nanoparticles, prepared from diamond nano-
quantitative calculations. However, it is worth noting thatParticles which consist of faces of planar graphene sheets,
the values of the observed Pauli paramagnetic suscef'® d|_fferent from fullerenes and carbon onions formed _W|th
tibility are one or two orders of magnitudes larger than theSPherical closed cages of a carbon hexagon network with an
Pauli contribution expected for bulk regular graphite, @dmixture of a small number of pentagon rings.
with  xpau~2X10 8 emu/g, that is estimated from
Er~0.082—0.105 e\f*?* This means a considerably large
enhancement in the density of states at the Fermi energy
compared with bulk regular graphite, where the Fermi en- Finally, we discuss the origin of the linewidth for the
ergy is placed around the minimum in the density of statedbroad ESR signal assigned toelectrons. The linewidth de-
between the bondingr and antibondingm* bands. There- creases monotonically as the lowering of the temperature. At
fore, the enhanced density of states suggests the presenceliqtiid helium temperature it goes thH~20 G. No power
an additional band superimposed upon the ordinary graphergaturation in the microwave power saturation measurement is
7 and 7#* bands around the Fermi energy. There are twaobserved up to 200 mW, which suggests that the spin-lattice
possibilities for the assignment of the additional band, danrelaxation timeT; is shorter than 10° s. Taking into con-
gling bonds ofo orbital origin and a nonbonding orbital,  sideration the Lorentzian line shape, the motional narrowing
the latter of which was theoretically suggested by Tanakaffect suppresses the contribution of the spin-spin relaxation
etal® and Fujita and co-workefs® The sample was process to the linewidth, similar to the case of conduction
handled in air, so that dangling bonds are considered to be electrons in ordinary metals. In other words, the linewidth is
saturated with foreign atoms such as oxygen and hydrogegoverned by the spin-lattice relaxation process. According to
through oxidation due to their strong chemical activity, re-theoretical suggestich,the linewidth associated with the

C. Spin-lattice relaxation
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spin-lattice relaxation in an ordinary conduction carrier sys- Next we discuss the longitudinal out-of-plane phonon

tem (Elliott mechanism is expressed by the equations, mode as a plausible candidate, due to its energy rar{#

K. The elongation of the intersheet distance in graphite nano-
3 particles reduces the strength of the intergraphene sheet in-

~—, (6) teraction to a considerable extent, as already menti&hed.

2V3gugT; This results in a softening of the phonon mode. Moreover,
the phonon energy spectrum is expected to be featured by
1 ) 1 discrete energy levels since only a small number of graphene

T—lwa(Ag) T_+ T_p ' 7 sheets(3—6 sheetsparticipate in the graphite nanoparticle.

Therefore, the excitation of the low-energy phonons, taking
where a is a numerical factor whose magnitude is on theplace even at low temperatures, is expected to contribute to
order of 1,ug is the Bohr magneton, aniig is the deviation the spin-lattice relaxation process. However, the estimated
of the g value from the free-electron spmvalue (2.0023.  scattering timer, (Ref. 28 is still orders of magnitudes
7, and 7, are the scattering times associated with electrontarger than the value~ 10 1° s) obtained from the experi-
scattering events by particle boundaries and phonons, respemental result with Eg(7). Thus an ordinary electron-phonon
tively, where the former is temperature independent and thenechanism of Elliott type, that is related to the acoustic
latter is temperature dependent and gives no contribution gthonons of graphite, is ruled out as an explanation for the
T=0K. 7, is given by Eq.(5), and 7, is related to the temperature dependence in the ESR linewidth.
electron mean free path, caused by the electron-phonon  Here emerges another plausible mechanism related to the
interaction: nonbondingm electrons of the edge states which is not me-
diated through the acoustic phonons. The potentials of the
o peripheral atoms, around which nonbondinglectrons are
Tp= - 8 localized, work to scatter conduction electrons, and are
able to participate in the spin-lattice relaxation process.
Using the estimated value of, and the observed-value =~ Meanwhile, there exist Wallis-type local phonon modes as-
deviation Ag=g—go~—1.0x10"3, T, is calculated at Sociated with the vibrations of peripheral carbon atoms in-
~(7-8)x 10 ° s for particle boundary scattering, where we corporated with foreign atoms or cross-linked carbon atoms
assumea~1. Meanwhile, the ESR linewidth at=0K attached to the edges of graphene sh&et8lf a conduction
gives the observed relaxation timd@,~0.47x10%s €lectron interacts with an atom in which an electron of a
through the relation betweesH and T, given in Eg.(6). nonbonding edge state is localized, the duration time for a
. : . i i i — 16
Consequently, the observed relaxation timeTatOK is  Scaftering event is estimatedtgt=2x 10" " s from the re-

semiquantitatively explained on the basis of the particldation t¢=r/ve where the force range of the interaction
boundary scattering process. Here, since nonbonding ed tween the atom and a conduction electron is assumed to be

states are considered to interact withand 7* electronic —~0-2 Nm. The spin-lattice relaxation time associated with the

states, it should be noted that the resulting modification ofteraction is given by the equatitn
the electronic structure around the Fermi energy contributes 1 2ty (|H\2
to the difference between the experimentally obtained result —~— ( S ) ,
and the theoretical prediction. h

Tl r

We attribute the temperature-dependent term in the linewhereHg, is the Hamiltonian for the spin-orbit interaction of
width to the phonon contribution according to E@). Itis  the atom having a localized nonbonding state, whose magni-
very surprising that the graphite nanoparticles have aude is in the range of the spin-orbit coupling In this
temperature-dependent feature in the linewidth, because, imechanism, where local phonons work as a reservoir, the
ordinary nanoparticles, the electron mean free path assodnteraction between electrons in the nonbonding band and
ated with phonon scattering is apt to be larger than the parhe phonons gives a temperature dependence to the spin-
ticle size, resulting in ineffectiveness of the phonon scattertattice relaxation time. Equatiof9) gives an estimate of
ing. Graphite has two kinds of phonon modes whichT,~10°8s for the spin-orbit coupling of carbon
contribute to the electron-phonon process, longitudinah ~14 cm 2,2 which is roughly comparable to that observed
acoustic in-plane and out-of-plane modes, where the energy the temperature-dependent term of the ESR linewidth.
of the in-plane modéDebye temperature-2480 K) is about  Consequently, the scattering of conduction electrons by the
one order of magnitude larger than that of the out-of-plangotentials of peripheral atoms having edge-inherited elec-
one (Debye temperature-180.5 K), since the former is re- tronic and lattice dynamical features is the most plausible
lated to the strong in-plane carbon-carbon force constanbrigin of the temperature-dependent spin-lattice relaxation
while the latter is related to the weak interplane &"&.In  process.
regular bulk graphite, the scattering time associated with the
in-plane acoustic phonons is estimated to be#® around V. SUMMARY
room temperature, giving a mean free path of about
107 nm,?” which is more than one order of magnitude larger Nanosized graphite particles are prepared through heat
than the particle size. This means that the in-plane phonotreatment of diamond nanoparticles with a size of 4—6 nm.
process that is dominant in ordinary regular graphite is not aHeat treatment at a temperature above 1600 °C converts dia-
work in the spin-lattice relaxation mechanism in graphitemond nanoparticles into graphite nanoparticles, and the el-
nanoparticles. evation in the heat treatment temperature does not make the

€)
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particle size increase. According to the results of x-ray dif-the electronic structure of nanosized graphene with apen
fraction, Raman-scattering spectra, and transmission electrdsond edges. This interesting electronic feature is considered
microscopy, the prepared graphite nanoparticle forms a polyto be associated with the specific size of graphite nanopar-
hedron with a hollow inside it, whose faces comprise a stackticles. The ESR spin-lattice relaxation process governed by
ing of 3—6 planar graphene sheets with the in-plane size dhoundary scattering events af electrons is suggestive of

7—8 nm and an intersheet distance of 0.353 nm. The interspecific features associated with the small size of the par-
sheet distance is considerably larger than that for bulk graphicles as well.

ite (0.3354 nn), resulting in a large reduction in the strength
of interlayer interaction. ESR and magnetic susceptibility
provide evidence of a considerable enhancement in the den-
sity of states at the Fermi energy. This fact means the pres-
ence of an additional band superimposed upon the bonding  The authors express their sincere thanks to Professor Mit-
and the antibonding™ bands around the Fermi energy. Tak- sutaka Fuijita, Yoshiyuki Shibayama, Professor Ko Sugihara,
ing into consideration the discontinuous shape at edge lineSr. Sumio lijima, Professor V. L. Kuznetsov, and Professor
formed by crossing adjacent graphene sheets, graphere S. Kotosonov for their valuable discussions. Most impor-
sheets in a nanographite particle have opdmond edges. In tantly, our discussion with the late Professor Fujita gave us
general, the periphery of a finite-size graphene sheet consisé® important clue for explaining the magnetic behavior of
of zigzag- and armchair-type edges. Theoretical suggestiorgraphite nanoparticles. The analysis of the ESR results is
predict the formation of edge-inherited states having a nonrelated to fruitful discussions with Professor Sugihara.
bonding m-electron feature around the Fermi energy in theO.E.A. and B.L.V.P. were supported by the Japan Science
case of zigzag-type edges, where electrons in the states dfeomotion Society. This work was supported partly by
mostly located around the marginal region of a graphen&rants-in-Aid for Scientific Research Nos. 08404048,
sheet. As a consequence, the enhancement in the density @243209, and 09216205 from the Ministry of Education,
states is suggestive of the contribution of the edge states iGcience and Culture, Japan.
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