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Graphite nanoparticles were prepared by the heat treatment of diamond nanoparticles in the range 900–
1600 °C. X-ray diffraction, transmission electron microscopy~TEM! and Raman scattering studies indicate that
the onset temperature of the diamond-graphite transition is around 1200 °C and the complete conversion of
diamond to graphite occurs at 1600 °C. Based on the structural characteristics the samples are categorized into
sp3-dominated~as-prepared and 900 °C!, sp2:sp3 mixed-phase~1200 and 1400 °C!, andsp2-dominated sys-
tems ~1600 °C!. The largerc-axis repeat distances and the high-resolution TEM images for thesp2:sp3

mixed-phase systems denote the presence of the remnant buckling feature of the diamond~111! planes in the
graphene sheets. Magnetic susceptibility and ESR studies suggest the development of itinerant-p-electron
system from the 1200 °C and higher-temperature heat-treated samples. The completely graphitized sample
reveals the important role of edge-inherited nonbondingp-electron states in the electronic structure. The
RamanG-peak position and the orbital diamagnetism show considerable deviation from the bulk-graphite
values, which is explained on the basis of charge transfer from the graphitep band to the localized edge states
and the resulting shifting of the Fermi level. The enhanced spin-lattice relaxation rates in the case of more
graphitized samples heat-treated at 1400 and 1600 °C are expected to arise from the involvement of the
localized edge-state electrons. In the less-graphitized 1200 °C heat-treated sample, however, the corrugated
nature of the graphene planes is likely to hinder such fast-relaxation processes.
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I. INTRODUCTION

The electronic properties of nanoscale materials
mainly controlled by the quantum size effect,1 which causes
a splitting in the electron-energy spectrum, and the surf
effects. Carbon-based nanomaterials such as fullere
nanotubes, and nanographites2–4 have been attracting greate
attention these days because of their novel electronic p
erties stemming from their specific sizes. Among the
carbon-based materials fullerenes and nanotubes have c
surfaces due to the participation of pentagon rings.2 On the
other hand, nanographites are characterized by the stac
of finite flat graphene sheets having open edges. It has b
pointed out that the electronic properties of nanograph
are greatly influenced by their edge shapes apart from q
tum size effects and surface effects. An arbitrarily shap
graphene sheet comprises two kinds of edges; zigzag
and armchair type, where the former has atrans-
polyacetylene type structure, while the later has acis-
polyacetylene type. In the case of a hypothetical graph
sheet having only zigzag edges, theoretical calculations
PRB 620163-1829/2000/62~16!/11209~10!/$15.00
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Fujita and co-workers5–7 suggested that nonbondingp levels
superimposed on the bondingp and antibondingp* bands
appear around the Fermi energy due to the specific topo
of the zigzag edges. No abnormality of this kind was fou
in the case of a graphene sheet composed of only armc
edges. However, in a general finite graphene sheet consi
of both types of edges, even a few zigzag sites per sequ
are shown to lead to non-negligible edge-state effects, res
ing in an enhancement in the electronic density of sta
around the Fermi energy.

According to previous works with ultradisperse diamo
~UDD! clusters, heat-treated diamond nanoparticles ar
good model system of nanographite. UDD clusters prepa
by explosion-induced techniques have an extremely sm
distribution of sizes with most of the particles having dime
sions of 4–5 nm.8 The as-prepared diamond nanoclusters
known to be covered by functional groups on the surfac
and heat treatment easily reconstructs the diamond~111!
planes into graphite~001! planes after stripping off the func
tional groups.8–10 From earlier reports11–15 the diamond-
graphite conversion is complete at about 1600 °C. The p
11 209 ©2000 The American Physical Society
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11 210 PRB 62B. L. V. PRASAD et al.
pared graphite nanoparticles~size ;7–8 nm! form a
polyhedron with a hollow inside. The faces of the polyh
dron comprise a stacking of 3–7 graphene sheets with
in-plane size of 3–4 nm and an intersheet distance of 0.
nm. The larger intersheet distance compared to grap
~0.3345 nm! and the disordered stacking feature sugges
considerable reduction in the weak interlayer interaction,
that the graphite nanoparticles can be treated as an asse
of very weakly bound graphene nanosheets. Magnetic
ceptibility studies indicated a considerable enhancemen
the density of states supporting the theoretical sugges
that edge-inherited nonbondingp levels appear around th
Fermi energy.11

Here, it would be interesting to investigate how the sp
cially featuredp-electron nanosystem develops during t
heat-treatment-induced diamond-to-graphite conversion
this connection, several reports have appeared on the s
tural transformations of UDD particles annealed at vario
temperatures.11,13–15However, no report has been publish
so far on the study of the gradual change of electronic pr
erties as a function of heat-treatment temperature during
diamond-graphite transformation of these nanoparticles
this paper we report our results on the structural and e
tronic properties of the diamond nanoparticles heat-treate
the temperature range 900–1600 °C. This study was car
out to understand the correlation between the change in
structure and electronic properties during the diamo
graphite phase transition, with special attention paid to
role of nonbonding edge states.

II. EXPERIMENTAL DETAILS

Graphite nanoparticles were prepared by the graphit
tion of diamond-nanoparticle powder@Cluster Diamond, To-
kyo Diamond Tools Mfg. Co. Ltd.~grain size 4–6 nm!# in an
inert argon atmosphere. Judging from the characteriza
with transmission electron microscopy, the mean size and
size distribution of the diamond particles were in good agr
ment with those reported~catalog specifications!. In order to
avoid contamination with magnetic impurities, we boile
diamond nanoparticles in concentrated HCl before use.
this treatment we could remove traces of the transition-m
magnetic impurities present in the as-prepared diam
nanoclusters~as evidenced by the absence of residual m
netization atH50 T andT55.0 K!. 20–50 mg of the acid-
treated pristine diamond-nanoparticle powder placed i
graphite crucible was heat-treated in a graphite furnace in
argon atmosphere. To investigate the temperature de
dence of the graphitization process, we employed 900, 12
1400, and 1600 °C for heat-treatment temperatures~HTT’s!.
In this paper the samples are abbreviated as HTT9
HTT1200, etc., where the digits denote the heat-treatm
temperature employed, in °C. The holding time at the p
temperature was 3 h. The structure of the obtained parti
was characterized by means of high-resolution transmis
electron microscopy~HRTEM!, x-ray powder diffraction,
and Raman scattering. Transmission electron microscope
servation was carried out using a JEOL JEM2010 instrum
with an acceleration voltage of 200 kV. X-ray diffractio
profiles were obtained by a Rigaku RINT-2400 instrume
with a Cu target~50 kV, 120 mA!. The peak positions were
-
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calibrated using Si powder as standard. Raman spectra
measured in the backscattering configuration using 514.5
Ar laser excitation. The scattered light was analyzed in
Jobin-Yvon HR460 single-grating spectrometer equipp
with a charge-coupled array detector and a holographic no
filter ~Kaiser Optical Systems, Inc., Ann Arbor, MI!. The
samples were pressed into pellets by mixing with 10%
KBr by weight, since these powders did not make good p
lets by themselves. To avoid laser damage to the sample
experiments were conducted at low laser powers~2 W/cm2!.
Electronic and magnetic properties were investigated
means of ESR and magnetic susceptibility. ESR spectra w
measured with a conventionalX-band spectrometer~JEOL
JES-TE20! in the temperature range 2–300 K, where t
magnetic field and microwave frequency were calibrated
ing an NMR gaussmeter and a frequency counter, resp
tively. The samples were put at the bottom of a quartz gl
tube and were heat-treated to about 350 °C under vacuum
about 2 h and then sealed. To obtain theg values correctly,
we used DPPH~diphenyl picrylhydrazyl! as an internal stan
dard. The precision of theg value is better than60.0001.
ESR intensities and spin-lattice relaxation times were c
brated using DPPH as a reference. ESR saturation cu
were taken up to the maximum microwave power of 2
mW for the estimation of spin-lattice relaxation times. T
magnetic susceptibility and magnetization were measu
with a Quantum Design MPMS-5 superconducting quantu
interference device~SQUID! susceptometer in the temper
ture range 2–300 K under magnetic fields up to 5 T. T
samples were prepared using similar procedures that w
adopted for the preparation of ESR samples.

III. RESULTS

Figure 1 provides the HRTEM pictures of the diamo
nanoparticles heat-treated at various temperatures.
gradual changes in the structures of diamond nanoparti
are clearly seen and are qualitatively very similar to the e
lier reports.14 The elemental analysis of the as-prepar
sample roughly breaks down to~in mol %! 85% of carbon,
9.7% of oxygen, 2.5% nitrogen, and 2.5% hydrogen~catalog
specifications!. The diamond nanoparticles appear brown
to the naked eye, suggesting that the surface is covere
functional groups, and the TEM image of the pristine d
mond nanoparticles shows a disordered surface structur
expected. However, the magnified image clearly reveals
tice fringes observed from the diamond~111! planes@inset,
Fig. 1~a!#. Heat treatment at 900 °C induces a noticea
change in the physical appearance of the particles wit
clear change of color to black from the brownish appeara
of pristine diamond particles. The HRTEM image at th
heat-treatment temperature, however, still shows large
tions of unconverted diamond, while the surface seems
have been covered with portions of amorphous carbon w
no clear long-range order present@inset, Fig. 1~b!#. As the
heat treatment is increased, the TEM images reveal the
mation of several small graphitic islands at 1200 °C and th
an increase in in-plane as well as interplane ordering of th
small graphitic islands at 1400 °C. However, the magnifi
images still display the diamond~111! lattice images, imply-
ing the presence of a diamond core. At 1600 °C, the diam
is completely converted to graphite, since the diamond~111!
lattice images are absent even in the magnified image@Fig.
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PRB 62 11 211HEAT-TREATMENT EFFECT ON THE NANOSIZED . . .
1~e!#. The formed graphite nanoparticles have a polyhed
shape with a hollow inside. The size of the particle is ab
7–8 nm.

Figure 2 depicts the x-ray diffractograms of the 90
1200, 1400, and 1600 °C heat-treated samples along with
diffractogram of the non-heat-treated pristine diamond na
particles. The structural transformation from diamond
graphite is very clear and is in good agreement with the T
studies. The salient features are a peak centered around
corresponding to diffraction from the diamond~111! planes
in the diamond nanoparticles and a peak at 26° for
HTT1600 sample. The as-prepared and HTT900 sam
display a peak only at 43°, suggesting the absence of gr
ite phase, but for the HTT1200 and HTT1400 samples pe
both from the diamond~111! planes and graphite~002! are
clearly visible, indicating the coexistence of diamond a
graphite phases. In the x-ray diffraction pattern of t
HTT1600 sample, the peak from diamond~111! planes is
absent, judging from the slight increase in the peak posi
and the asymmetric peak shapes; instead new peaks
could be assigned to graphite~100! and~101! appear around
45°.11 This clearly shows that at 1600 °C all the diamo
particles are completely converted to graphite, in agreem
with the HRTEM results.

FIG. 1. The HRTEM images of the~a! as-prepared,~b!
HTT900, ~c! HTT1200, ~d! HTT1400, and~e! HTT1600 samples.
The insets show the magnified images of these samples, cle
revealing the presence of diamond~111! lattice images in case o
as-prepared, HTT900, HTT1200, and HTT1400 samples. Diffe
scales were used to highlight the salient features of the sample
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After correcting for the Lorentz polarization factor an
the atomic scattering factor,11 the intensities of the graphite
~002! and the diamond~111! peaks were fitted to Lorentzia
functions. Comparing the intensities of these peaks, the c
version ratio of diamond to graphite was determined at e
HTT. ~We would like to make it clear that the graphite fra
tion only reflects the ordering along thec axis and should not
be taken as an indication of the absolutesp2:sp3 carbon
ratio of these samples.! The observed graphitec-axis repeat
distancesl c @from the graphite~002! peak position#, the size
of diamond particles,LD @from the diamond~111! peak
width#, the conversion factors, and the thickness of graph
crystallites, I c @from the graphite~002! peak width# along
with the graphite in-plane domain sizes,La @obtained from
the graphite~100! peak and Raman studies# are all provided
in Fig. 3. While theI c andLD decrease with HTT, theLc ,
La , and graphite fraction increase with the HTT, indicating
gradual development of graphite phase at the expense o
diamond phase from the surface inwards.

The Raman features of these samples are very simila
other disordered carbons and the heat-treated ultradisp
diamond particles already available in literature.13,14 The
main features observed in the Raman spectra of our sam
are a peak around 1350 cm21, corresponding to the disorder
induced line~D peak! and another peak around 1560–15
cm21 corresponding to the Raman-allowedE2g2

mode ~G

peak! in graphite.16 A weak shoulder also ascribed to th
disorderness of graphite16 is found for all the samples aroun
1620 cm21. For the HTT900 and HTT1200 samples, how
ever, we found additional scattering intensity between
1350- and 1580-cm21 peaks. Though such additional pea
were observed in some earlier studies based on disord
carbon-based materials,17,18 the origin of these peaks is no
very clear yet and they are generally assigned to the feat
in the density of vibrational states between 1350 and 1

rly

nt
.

FIG. 2. Observed x-ray profiles for diamond nanoparticl
HTT900, HTT1200, HTT1400, and HTT1600 samples. For clar
the profiles are shifted vertically.A, B, andC are diffraction peaks
indexed to graphite~002!, diamond~111!, and graphite~100! and
~101!, respectively.
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11 212 PRB 62B. L. V. PRASAD et al.
cm21 associated with very small crystallite size effects.17 In
these disordered graphitic systems the ratio of the integr
intensity of theG peak to the integrated intensity of theD
peak is known to provide the average graphite in-plane
main size (La) in nm by the equation,19

La54.4
I G

I D
,

when an excitation wavelength of 514.5 nm is used. T
calculated in-plane domain sizes (La) for various HTT’s are
also provided in Fig. 3~d!, which shows an increase with he
treatment.

Magnetic susceptibility studies were carried out to get
sight into the magnetic and electronic properties of th
materials. The magnetization curve with respect to fi
shows no residual magnetization atH50 T and T55.0 K,
supporting the contention that these materials are devoi
any transition-metal ferromagnetic impurities. The abse
of magnetic impurities is further confirmed by the magne
zation curves well fitted to theS5 1

2 Brillouin curve and the
small ESR linewidths andg-value deviations, which are pre
sented later. The observed magnetization curve atT55.0 K
could be explained as a sum of a field-dependent linear t
with a negative slope, and a Brillouin-curve-type positi
term. The linear term constitutes core and orbital diam
netic terms and a Pauli paramagnetic term, while
Brillouin-type term originates from the localized spins ofS
5 1

2 . The temperature dependence of magnetic susceptib
is given in Fig. 4 for these samples. The susceptibility at 3
K is negative for all the samples, which becomes posit
~except for HTT1600 sample! and shows a Curie-like behav
ior at low temperatures. The susceptibility at infinite te
peraturex0 is obtained by plottingx vs 1/T and then ex-
trapolating thex value to 1/T50. The obtainedx0 is plotted
against HTT in Fig. 5~a!. The value is negative for all the

FIG. 3. The variation of the structural parameters with HTT.~a!
The diamond size (LD), ~b! the conversion ratio of diamond t
graphite,~c! the observed graphitec-axis repeat distance (I c), ~d!
the graphite in-plane domain size (La), and~e! the graphite thick-
ness along thec axis (Lc). The solid lines are only guides for th
eye. ~See text for the details of the analysis carried out to obt
these values.!
ed

-

e

-
e
d

of
e
-

m

-
e

ity
0
e

-

samples and shows an increase in the absolute value a
HTT increases. The observedx0 is 20.3831026 emu/g for
diamond-nanoparticle sample. There is not much cha
when the sample is heat-treated to 900 °C, but when the H
is raised to 1200 °Cx0 becomes20.6631026 emu/g. The
absolute value ofx0 increases further as the HTT is raise
and reaches a value of22.2231026 emu/g for the HTT1600
sample, which is about 30% of that observed for bulk gra
ite. The increment in the absolute value ofx0 originates from
the gradual development ofp-electron network, which is dis-
cussed in detail later. After subtracting the termx0 from the
observed susceptibility, the temperature dependence of
susceptibility could be fitted well to the Curie-Weiss la
C/(T2U), except for the HTT1600 sample, whereC andU
are the Curie and Weiss constants, respectively. The lo
ized spin density of each sample could be estimated from
Curie constant. In the HTT1600 sample, the temperature
pendence of the susceptibility has contributions from the
bital susceptibilityxorb in addition to the Curie-Weiss term
In this case, the Curie-Weiss term is obtained after subtr

n

FIG. 4. The magnetic susceptibility as a function of temperat
for the diamond nanoparticles, HTT900, HTT1200, HTT1400, a
HTT1600 samples under a magnetic field ofH51 T.

FIG. 5. ~a! The constant term in the susceptibility,x0 @5x(T
→`)# and ~b! the localized spin concentrationNs as a function of
HTT. The value of thex0 of bulk graphite is also shown, which i
the orientational average value.
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ing xorb, which is estimated11 by fitting the temperature de
pendence of the susceptibility with the Kotosonov equatio20

for disordered graphite. The Weiss constants obtained w
generally negative and very small or negligible~25 to 0 K!,
suggesting a very weak antiferromagnetic or negligible in
action among these localized spins. The number of sp
calculated from the Curie constants,Ns , is estimated at
9.631019/g for the non-heat-treated nanoparticle diamond
shows a decreasing trend with the HTT, finally reaching
value of 0.9931019/g at 1600 °C and is plotted in Fig. 5~b!.

ESR investigations revealed a single Lorentzian l
shape for the nanoparticle diamond, HTT900, HTT1200, a
HTT1400 samples. However, the HTT1600 sample dep
two lines; a broad signal~peak-to-peak linewidthDH
53.5 mT! and a narrow signal (DH50.4– 0.5 mT).11 In
compliance with the magnetic susceptibility studies,
broad signal is ascribed to thep electrons giving rise to the
Pauli susceptibility, while the narrow signal comes from t
localized Curie spins.11 The coexistence of the two signa
implies that there is no appreciable interaction between th
two spins in the HTT1600 sample. Figure 6 provides
dependence of the linewidthDH and theg value observed a
room temperature as a function of the HTT. The linewid
are in the range of about 1 mT for the samples heat-tre
below 1600 °C, which jumps to a value of about 3.5 m
~broad signal! for the HTT1600 sample@Fig. 6~a!#. The g
value for the nanoparticle diamond is about 2.0028, whic
in good agreement with the reported value of 2.0029
microcrystalline diamond powders prepared from mecha
cal grinding of bulk diamond crystals.21 The g value gradu-
ally decreases as the HTT is increased@Fig. 6~b!# and
reaches a value of 2.0013 for the HTT1600 sample. T
narrow linewidths andg values close to the free-electrong
value show that the spins originate from carbon-inheri
species but not from transition-metal impurities, indicati
the effectiveness of acid treatment for removing these m
netic impurities. No appreciable temperature dependenc
g values or linewidths was observed for the nanoparticle d
mond, HTT900, HTT1200, and HTT1400 samples, while
becomes very difficult to determine theg value of the
HTT1600 sample at low temperatures because of the ove
of two signals.

The spin-lattice relaxation times at room temperat

FIG. 6. ~a! The observed ESR linewidths and~b! g values as a
function of HTT ~the data for the HTT1600 sample are for bro
signal!. The precision ofDg is better than60.0001. The solid lines
are only guides for the eye.
re

r-
s

It
a

e
d
ts

e

se
e

s
ed

is
r
i-

e

d

g-
of
-

t

ap

e

were determined by analyzing the power saturation effect
the ESR signals.22 The observedT1 shows interesting trans
formations as the HTT is increased. Actually, theT1 value is
estimated at (0.7– 1.2)31025 sec for 1200 °C using sample
prepared in different batches. It decreases almost by an o
of magnitude to about (1.0– 1.5)31026 sec for the HTT1400
and HTT1600 samples as shown in Fig. 7. This phenome
is proposed to originate from the structural changes ass
ated with the increase in HTT~vide infra!.

IV. DISCUSSION

A. Structural characteristics

The detailed structural features of these heat-treated
mond particles and the structural transformation from
diamond to graphite are well documented in t
literature,13–15 and here we only provide a brief overvie
pertinent to our discussion on the transformation of el
tronic properties. As mentioned earlier, thes dangling bonds
protruding from diamond surfaces are unstable at room t
perature and are easily attacked by oxygen and hydro
present in the atmosphere resulting in surfaces covered
functional groups.9,10 Heat treatment at about 800 °C strip
these functional groups, creating defects, and a further ris
the HTT converts the puckered diamond~111! planes to pla-
nar graphite~001! planes, with the nucleation of diamond
graphite phase taking place at the defect centers.9,10 In the
initial stages of the heat treatment very, very small graph
islands are formed on the surface of the diamond nano
ticles and thec-axis repeat distance observed for these lo
temperature heat-treated samples is generally larger than
of bulk graphite~Fig. 3!. The largerc-axis repeat distances a
these low HTT’s are attributed to the remnant corruga
feature of the graphene sheets, as only a part of the diam
~111! planes is converted to graphite. Raising the HTT
sults in the increase of both intraplane and interplane ord
ing, signaling the formation of graphite phase at the expe
of the diamond phase. This transformation is completed
1600 °C as can be seen from the HRTEM images and
x-ray diffraction pattern. However for this sample,I c
50.353 nm, still larger than that of bulk graphite (I c
50.3345 nm), and could be due to the turbostatic nature
the graphene planes. It is interesting to note that the
traplane diffraction from the graphene planes, namely,
~100! and ~101! diffractions, are not observed in th
HTT1200 sample. This indicates that the intrasheet orde

FIG. 7. The spin-lattice relaxation times at room temperature
a function of the HTT~the two points at 1200 °C were obtaine
from different samples prepared in different batches!. The solid line
is only a guide for the eye.
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11 214 PRB 62B. L. V. PRASAD et al.
in the HTT1200 sample may not be detectable by the x-
diffraction due to the small sizes of the flat graphene plan
The HTT1400 sample shows some asymmetry in the p
around 43°, but the intensity was very low and hence
fitting was very difficult, while Raman spectra clearly dep
the increase in the in-plane domain size for this sam
However, in the HTT1600 sample we could deconvolute
broad features into~100! and ~101! peaks of graphite, and
from the~100! peak width the in-plane size was estimated
be 3.6 nm. This is in good agreement with the Raman res
and also consistent with ESR and magnetic susceptib
results, where dramatic changes are induced in the HTT1
sample, while no such effects are observed in the HTT1
and HTT1400 samples.

Important information on the electronic structure of the
materials can be gained from the Raman peak positions,
they are plotted as a function of graphite fraction in Fig. 823

The position of theD peak is almost constant, irrespective
the amount of graphite fraction present in the sample. Ho
ever, theG peak and 1620-cm21 peaks occur at differen
positions, depending on the graphite fraction. In samp
with very low graphite fraction, theG peak is shifted down-
wards compared to the bulk-graphite value. In amorph
carbons it is generally observed that the increase in
sp3-bonded fraction would cause a downward shift in t
position of theG peak.24 This shift is assigned to the bond
angle disorder in thesesp2:sp3 composite systems, wher
the tetrahedralsp3 sites try to force the layers to be nonpl
nar while thesp2 sites oppose the puckering of the laye
Theoretical models suggest that theG peak in disordered
carbons shifts to higher wave numbers as the proportion
the sp3 sites decreases,25 and we indeed find an up shift i
the G-peak position as the graphite fraction increases. In
case of samples with appreciable graphite fractions, thG
peak is observed at higher wave numbers compared to
graphite. This can be tentatively explained in terms of
charge-transfer effect related to the edge states. As m

FIG. 8. The peak positions of Raman spectra as a function of
graphite fraction for 1350-cm21 ~D-peak!, 1590-cm21 ~G-peak!,
and 1620-cm21 regions. The solid line is the peak position for bul
graphiteG peak and the other lines are only guides for the eye.~The
heat-treatment temperatures are also indicated at the top o
graph.!
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tioned in Sec. I, recent theoretical reports suggest that
nonbondingp states from the edges appear as a flat b
near the contact point of thep-p* levels of nanographite.5,6

They also pointed out that the charge density of these n
bonding p states are strongly localized on the edge sit
However, these calculations are performed assuming tha
translational symmetry exists even in these na
meter scale materials, whereas the present samples are
acterized with disordered structures inducing an energy le
broadening. This would result in smearing of the band ed
and consequently these bands may overlap, so that the
tom of the band from nonbonding edge states is lower t
the top of the graphitep band. Thus it is possible that ther
is a charge transfer from the graphitep band to these non
bonding edge states where the edge states act as acce
This conjecture is justified by experimental evidence ab
the presence of holes in nanographites.26 This is similar to
graphite intercalation compounds~GIC’s! with acceptors
such as bromine.27 In the case of bromine GIC’s, theG band
is found to shift to higher wave numbers as a result of cha
transfer from thep band to the bromine atoms, which mak
the bonds in graphene plane stiffer. If we consider cha
transfer from the graphitep bands to the nonbonding edg
states, this would also lead to stiffening of the C-C bonds
the plane, thus leading to the observed shift in theG band to
higher wave numbers. It is reported that, in disordered c
bons, theG peak is up-shifted in samples with smallLa’s and
shifts downwards as the in-plane size increases above
nm.17 This supports our mechanism since as the in-plane
La increases, the edge states may have negligible role
hence no charge transfer. However, in the case of
sp2:sp3 mixed-phase systems, it would be difficult to e
actly identify the origin of theG-peak shift as both thes
mechanisms, the bond-angle disorder due to the coexist
of sp2:sp3 carbons and the charge transfer to the edge sta
will be competing with each other.

Here, on the basis of the above-mentioned structural c
acteristics, we broadly classify these materials into th
groups, for the sake of clarity in discussing the electro
properties. Namely, samples dominated bysp3-bonded car-
bon ~as-prepared nanoparticle diamond and the HTT9
sample with 0% graphite!, the sp2:sp3 composite systems
~samples HTT1200 and HTT1400 with 15% and 37% gra
ite!, and the completely graphitizedsp2-carbon-dominated
system~HTT1600!.

B. Electronic properties

The electronic properties of these materials are discus
below on the basis of ESR and magnetic susceptibility st
ies for the three broad classes mentioned above. As it
become clear, though the HTT1400 sample is grouped w
the sp2:sp3 composite system, thep-electron network is
more evidently developed here as compared with
HTT1200 sample.

The various parameters defining the electronic proper
of these materials are plotted versus the graphite fractio
Fig. 9. We also provide in this figure@Fig. 9~c!# the orbital
susceptibility for our samples, which corresponds to the s
ceptibility with the field parallel to the graphitec axis and is
calculated by the equation
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xorb53x022x' ,

where x0 is the susceptibility at infinite temperature wi
contributions from the orbital term,xorb, the Pauli paramag
netic term xP , and the core diamagnetic termxcore. We
assume thatx' is equal to the core diamagnetism and
calculated from Pascal rules. We also assume thatxP has
negligible contribution to the observed susceptibility, whi
is justified by the fact that thexP from the p electrons is
almost 10% even in the HTT1600 sample having the larg
p-electron contribution. Here a comparison of thexorb of
condensed polycyclic aromatic systems havingN benzene
rings, with thexorb observed for our samples might giv
important clues in understanding the development
p-electron structure of these materials as plotted in Fig.
The xorb for condensed polycyclic aromatic compounds w
taken from the literature data28 after doing necessary correc
tions for the anisotropy, like the one described above.
have considered the diamagnetic susceptibilities of hig
symmetric molecules only~e.g., ovalene, ten benzene rings!,
since they show the maximum diamagnetic susceptib
compared with less symmetric molecules with same num
of benzene rings. The straight line in the figure is a line
regression for the literature data. This plot also depicts
xorb of bulk graphite along with thexorb of our samples. The
number of benzene rings for our samples were calcula
from the Raman in-plane domain size using the equation

N;La
2/S0 ,

FIG. 9. ~a! The ESR linewidthsDH, ~b! g values,~c! orbital
susceptibility termxorb ~see text for the details of calculation o
xorb!, and~d! localized spin concentration per carbon atom,ns , as a
function of graphite fraction. The dashed line in~b! represents theg
value of free-electron spin. The full square at 100% graphite in~d!
is the estimate of thep-electron concentration obtained from th
Pauli susceptibility using the equationkBTxP /mB

2, wherexP is the
Pauli susceptibility. Heat-treatment temperatures are indicate
the top of the graph. The solid lines are only guides for the eye
st
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whereS0 is the area of one benzene ring. For the samp
with itinerantp electrons, the magnitude ofxorb indicates the
extent of delocalization of thep-electron network. It is clear
from the figure that the observedxorb for our samples falls in
two distinct regions of the straight line for the differe
graphite fractions. For the nongraphitized samples~as-
prepared and HTT900!, the observedxorb is almost negli-
gible (,1027 emu/g), suggesting the absence of an exten
p-electron network. As the heat-treatment temperature
creased~in other words, as the graphite fraction of th
sample increases!, the xorb gradually increases, suggestin
the development of the graphite itinerant-p-electron system.
Above 1400 °Cuxorbu exceeds the value expected from t
straight line for polycyclic aromatic rings and tends to a
proach the bulk-graphite value as the HTT increases. T
suggests a steep development of thep-electron network in
this HTT region. Below, we present a brief sketch of t
sequence of the development of the nanographitep-electron
network during the diamond-to-graphite conversion and c
relate that to the structural transformations based on the
perimental results.

The diamond nanoparticles are prepared by explos
induced techniques in closed containers, resulting in the g
eration of high pressure in short time periods~;msec!.8 Due
to this nonequilibrium condition in the formation of dia
mond, a large number of defects are produced as eviden
by the large spin concentration observed@Fig. 9~d!#. The
observedg values of diamond nanoparticles are also qu
close to theg values of microcrystalline diamond, where th
spins are attributed to the paramagnetic centers create
the defects in thesp3-bonded network.21 As the HTT is
raised to 900 °C, a lattice distortion, being in the equilibriu
condition in the whole diamond particle, becomes relaxed
addition to the formation of disorderedsp2 carbon phase on
the surface of the particle at the expense of the locali
defect spins. This explains the large change in the spin c
centration@Figs. 5~b! and 9~d!# from the as-prepared samp
to HTT900 sample. On the other hand, the smallxorb value
and the negligible change in theg value at 900 °C sugges
that the extent of itinerant-p-electron network is insignifi-
cant, and the localized spins in this sample are from the s

at

FIG. 10. The orbital susceptibilityxorb of polycyclic aromatic
molecules~full circles! compared withxorb of our samples~full
triangles! and thexorb of bulk graphite~full square! plotted on a
logarithmic scale vs 1/~number of benzene rings,N!. The numbers
1200, 1400, and 1600 denote the heat-treatment temperatures
straight line is a linear regression for the data of aromatic m
ecules, which are taken from the literature~Ref. 28! after necessary
corrections~see text for details!.
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origin as that of the as-prepared sample. The absence o
graphite ~002! x-ray diffraction peak and the similarity o
HRTEM images of as-prepared and HTT900 samples a
support these conclusions. Increasing the HTT to 1200
leads to severing of more and more diamond~111! planes
from the diamond nucleus and converts them to grap
planes, as evidenced by the x-ray diffraction and HRTE
images. The observed ESR signal in this sample can be c
ited to the graphitep electrons, as theg value in these
sample is less than that of free-electron spin value (g0). As
shown in Fig. 9~d!, the localized spin density in this 15%
graphitized sample is considerably lower than that of the
graphite samples, demonstrating that most of the locali
spins are already becoming part of the extendedp-electron
network. However, the magnitude of theuxorbu is less than
that expected on the basis of the number of benzene r
present~Fig. 10!. This suggests that this sample is still dom
nated by defects~vacancies in thesp2 network or remnant
corrugated features from the diamond lattice! that effectively
lead to a shrinkage in the graphitep-electron network. A
further increment in the HTT to 1400 °C, while chippin
more diamond ~111! planes, makes the very sma
sp2-bonded fragments ordered into larger planar graph
sheets and this diamond-to-graphite transformation is c
plete at 1600 °C. For the more graphitized HTT1400 a
HTT1600 samples, theuxorbu is more than that expected fo
polycyclic aromatic molecules with same number of benz
rings. In bulk graphite, the large enhancement ofxorb com-
pared to the value in large polycyclic aromatic molecules
attributed to the interband transitions,29 since thep-p*
bands in bulk graphite are degenerate at the Fermi ene
whereas the aromatic molecules are characterized with
energy gap. Thus the increase in thexorb value from that
expected on the basis of number of benzene rings cle
depicts the extended nature of thep-electron network. How-
ever, this value is still smaller than that of bulk graphite. W
can attribute this feature to the finite crystallite sizes and a
to the presencesp3-like defects in the case of the HTT140
sample. Though the in-plane domain sizes are larger t
that in the HTT1200 sample, theg value remains in the vi-
cinity of g0 and the ESR linewidths are small in th
HTT1400 sample@Fig. 9~a! and 9~b!#, indicative of the lo-
calized nature of thep-electron network to small regions du
to the defects. Hence, it is concluded that in thesesp2:sp3

mixed-phase systems the itinerantp electrons from the
graphite phase and thesp3 defects from the diamond phas
are homogeneously distributed over, and there is a possib
that these two spin species are strongly interacting with e
other. In the case of the completely graphitized HTT16
sample, the effect of the localized spins due to defects on
itinerant-p-electron network is quite insignificant becau
their absolute number is very low@Fig. 9~d!#. These localized
spins are also associated with very few inhomogeneo
distributedsp3-like defects, making them quite independe
from the itinerantp electrons. Hence, at 1600 °C we see tw
different ESR signals unlike the HTT1200 and HTT14
samples, where we see only one signal. In Fig. 9~d!, we also
provide thep-electron spin density obtained from the Pa
susceptibility11 in the HTT1600 sample using the equatio
kBTxP /mB

2, wherekB and mB are the Boltzmann constan
and Bohr magneton, respectively. Here, it should be no
the
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that xP is governed mainly by the density of states of t
nonbonding edge states.11 It is quite clear from the figure tha
the localized spin density from defect origin is quite sm
~;10%! compared to the localized edge-statep-electron spin
density. This implies that the presence of nonbonding e
states play a very important role in determining the el
tronic properties of the completely graphitized HTT16
sample. More clearly, in the case of HTT1600, there mig
be a charge transfer from the graphitep band to the edge
states shifting the Fermi level away11 (EF;0.1 eV) from the
p-p* contact point, which is supported by the Raman pe
shifts also. This leads to an apparent contraction of
p-orbital network, resulting in the reduction of thexorb value
as observed here. The difference ing value at 1600 °C (g
52.0013), from theg value of bulk graphite,30 could also be
explained by invoking the above charge-transfer mechani
The g value observed in the HTT1600 sample is less th
g0 , while in bulk graphite, it is higher thang0 . However, it
is well known that theg value in bulk graphite is critically
controlled by the location of the Fermi level and also by t
ratio of holes and electrons present in the vicinity of t
contact point ofp andp* bands.31,32 It is also reported that,
in case of boronated pyrocarbons, a drastic drop ing value is
observed, depending on the boron admixture in the pyro
bons, which makes the Fermi level shift deeper into the
lence band.33 Thus the presence of Fermi level away fro
the contact point could explain theg-value deviation in the
HTT1600 sample, though getting a quantitative estimation
the deviation is quite difficult.32

Finally we would like to present a discussion about t
change in spin-lattice relaxation processes observed. F
the discussions presented earlier, we can summarize tha
as-prepared diamond nanoparticles as well as the HTT
sample are dominantsp3-bonded species, while th
HTT1600 sample shows signs of well-developedp-electron
network. Thus, the HTT1200 and HTT1400 samples seem
be sitting at the boundary of diamond-graphite phase tra
tion. Here, we focus on the spin-lattice relaxation mechan
in relation to the development of thep-electron system,
which substantially starts above 1200 °C. The spin-lattice
laxation time versus the heat-treatment temperature is plo
for the samples above a HTT of 1200 °C, which is obtain
from the ESR saturation measurement, in Fig. 7. Here,
the HTT1600 sample, the broad signal ascribed to thep
electrons is employed to determine the spin-lattice relaxa
times. In the case of the HTT1600 sample, the spin-lat
relaxation time is governed by the interaction of conduct
carriers with the nonbondingp electrons localized on the
edge sites in addition to electron-particle bounda
scattering.11 This suggests that the particle edges working
fast relaxing centers are crucial to the spin-lattice relaxat
process. We think the observed changes in the spin-la
relaxation times as a function of HTT again originate fro
the contributions of these localized edge-inherited nonbo
ing p electrons. In case of the HTT1600 sample, where th
is significant development of intraplane ordering the cond
tion electrons can easily come into contact with the nonbo
ing electrons of the edge origin, leading to faster relaxat
times as observed. However, the HTT1200 sample is m
up of very small graphitic islands well separated by defec
which originate from corrugated features from the remn
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buckling nature of the diamond lattice or vacancies in t
graphite network due to partial conversion of diamond
graphite. These corrugated features of the graphene pla
probably hinder the interaction of the electrons with fast r
laxation centers at the edge. The HTT1400 sample is a
featured with defects evident from the TEM, x-ray, ES
g-value and linewidth studies. However, the analysis ofxorb
~Fig. 10! reveals that there is appreciable development of t
p-electron network compared to the 1200 °C heat-trea
sample, though this sample is featured withsp3-like defects.
The enhanced in-plane domain size from the Raman stud
and the qualitative similarity of Raman spectra of this samp
with the HTT1600 sample also supports this conclusio
Therefore it is possible that the itinerantp electrons are ef-
fectively relaxed by interacting with the edge-state electro
in this case also.

V. CONCLUSIONS

Heat-treatment-induced diamond-to-graphite convers
of diamond nanoparticles is investigated in relation to stru
tural and electronic properties. When subjected to heat tre
ment below 1600 °C, the materials could be classified in
three categories: thesp3-carbon-dominated diamondlike ma
terials ~as-prepared and HTT900 samples!, sp2:sp3 mixed-
phase systems~HTT1200 and HTT1400 samples!, and the
sp2-dominated complete graphitized system~HTT1600!. In
the initial stages of the heat treatment, the functional grou
are stripped off from the diamond nanoparticle surfaces,
sulting in a rearrangement of thesp3-bonded network@dia-
mond ~111! planes# into small localizedsp2-bonded islands
@graphite~002! planes#. As the heat-treatment temperature
increased~1200 and 1400 °C!, first graphitic ordering is de-
veloped along thec axis, though the in-plane domain size
are quite small. The largerc-axis repeat distance compared t
the completely converted HTT1600 sample and bulk grap
ite indicates the remnant buckling feature of the diamo
~111! planes at intermediate heat-treatment temperatu
such as 1200 and 1400 °C. The orbital diamagnetism fr
the itinerantp electrons, which is negligible in the diamon
nanoparticles and the HTT900 sample, starts contributing
the susceptibility from the HTT1200 sample onwards. Th
both structural and electronic properties show evidence
the development of a graphitep-electron network from
HTT’s of 1200 °C and up. However, due to the residu
a
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puckered nature of the diamond~111! planes, thep-orbital
network is localized to small regions. This is exemplified
the TEM, x-ray, Raman spectra, and orbital diamagneti
analyses. The graphitization process is complete at 1600
The very low concentration of localized spins and their i
dependent nature from the itinerantp electrons are indicative
of the nearly complete conversion of the localized spins
itinerantp electrons during the graphitization process. In t
completely graphitized sample there is a charge transfer fr
the graphitep band to the nonbonding states that originate
the edge, resulting in a stiffening of the intralayer vibratio
modes and a smaller orbital diamagnetism than expec
due to the shifting ofEF away from thep-p* contact point.
In the HTT1600 sample, the Pauli susceptibility is conside
ably enhanced compared to bulk graphite, due to the n
bonding states that originate in the edge, in agreement w
the theoretical calculations.5,6

The faster spin-lattice relaxation times observed in t
case of more graphitized samples such as HTT1400
HTT1600 samples are explained on the basis of interact
of the conduction carriers with the localized nonbondingp
electrons working as fast-relaxation centers. The remn
nonplanar nature of thesp3-bonded carbon atoms in the
more disordered HTT1200 sample obstructs such fa
relaxation processes.

In summary, heat treatment converts diamond nanop
ticles to graphite nanoparticles from the particle surface
wards. The extent of itinerant graphitep-electron network
gradually increases with heat-treatment temperature at
expense of localized defects. The charge transfer from
graphitep band to the nonbonding edge states and the
sulting shift of the Fermi level crucially determine the ele
tronic properties of these nanosizedp-electron system.
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