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Photoelectron spectroscopy has been used to study the products resulting from high temperature phase
transformation of nanodiamondbID). Depending on the temperature of annealing various particles with a
diamond core covered by nanometer sized fullerene-like shells, and onionlike q@h@) were formed.
Analysis of the C% photoemission lines of the intermediates of ND transformation, prepared at temperatures
of 1420 and 1600 K and then exposed to atmosphere, reveals the presence of oxygen-containing groups and
both sp? andsp® carbon. Thesp? component for these samples has binding energies of 284.70+0.0BrV
the sample prepared at 1420 Knd 284.50+0.05 eV\{for the sample prepared at 1600.K difference of
1.3+0.1 eV in the binding energy of treg® andsp” components was observed. T&g component for OLC
prepared at 1800, 1900, and 2140 K has a binding energy of 284.45+0.05 eV. The shift towards higher binding
energies of thesp? component of the samples prepared at lower temperatures is explained by significant
curvature of graphite layers formed in the initial stages of graphitization. The observed increase in density of
states at the Fermi level for the samples prepared at 1600, 1800, and 1900 K is associated with an accumulation
of different types of defects in the curved graphite layers during graphitization of diamond. The Lorentzian
widths of Cls photoemission lines from OLC are large compared with those of HOPG. The possible reasons
for this broadening are discussed.

DOI: 10.1103/PhysRevB.71.075420 PACS nuni®er73.61.Wp, 73.20.Hb, 79.60.Jv, 68.43.Vx

I. INTRODUCTION revealed pronounced differences to other graphitic

Carbon onions consist of fullerenelike shells enclosednaterials:® Cabioc’het al~** developed a method of car-
within one anothefmultishell fullerenesand belong to the Pon onion productionwith typical diameters in the range
family of carbon nanostructures. The first observation of car3—15 nm based on carbon ion implantation into a metal
bon onions was in arc discharge prodacmd later in matrix (Ag, CU). Sufficient quantities could be produced for
fullerene soot irradiated by an intense electron béa®ar-  investigation of their optical, electronic and tribological
bon onions are predicted to have properties different fronproperties:*~’ These carbon onions were characterized by
those of graphite, diamond and other carbon nanostructurdsourier transform infraredFTIR) spectroscopy and it was
(such as carbon nanotubesue to their highly symmetric shown that the most stable state for the onions consists of
structure® In depth investigation of the physico-chemical concentric spheres of fullerenes, ®=60, 240,..). Until
properties of this unique carbon form and exploration of poshow, the electronic properties of the onions were character-
sible applications was constrained until recently by the abized only by spatially resolved EELS in transmissiotand
sence of methods allowing production of carbon onions wittreflection modé?

a well-ordered structure in sufficiently large quantities. Recently Sanet al?%-??reported the production of sev-

Carbon onions have been produced by the transformatioaral milligrams of carbon onions with diameters ranging
of different carbon nanostructuré$:’ Carbon onions pro- from 4 to 36 nm using an arc discharge between two graphite
duced by electron irradiation of a carbon nanomaterial have alectrodes submerged in water or liquid nitrogen. It has been
perfect spherical form and well ordered structure, but due teshown that depending upon synthesis conditions the carbon
the small rate of production they can be studied only bynanoparticles produced by this method contain carbon onions
high-resolution transmission electron microscdp\RTEM)  with a perfect spherical shape along with defective carbon
and electron energy loss spectroscoBELS).2 De Heer and  onions and a minimum amount of amorphous carbon and
Ugart€ demonstrated the possibility of producing macro-carbon nanotubes. These carbon onions have been character-
scopic quantities of onionlike carbof©LC) consisting of ized by Raman spectroscayand by ultraviolet-visible ab-
hollow carbon onions with from 2 to 8 graphitic shells and sorption spectroscopy.New Raman peaks were observed in
with outer diameters ranging from 3 to 10 nm by heatingspectra of the carbon onions compared with a Raman spec-
carbon soot, produced by an arc-discharge method, itrum from highly oriented pyrolytic graphittHOPG). The
vacuum at 2100-2250 °C. Raman spectra of this materiadppearance of these new features was explained by the cur-
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vature of the graphitic walls of the carbon onidfs. average particle size of 4.7 mthThe various samples stud-
Kuznetsovet al?>2¢ developed a process for generatingied in this work were prepared by high temperature anneal-
several grams of OLC based on annealing nanodiamondag of the ND under a vacuum of 1®Torr for 1-1.5 h at the
(ND), with sizes in the range 2-20 nm, in vacuum. It hastemperatures mentioned above, as described elseffhere.
been shown that, depending upon temperature and duration X-ray photoelectron spectroscogkPS) was performed
of ND annealing, different forms of OLC can be produced.sing the ESCA 300 photoelectron spectrometer at the Na-
Annealing ND for one hour ata) 1100-1600 K produces tional Centre for Electron Spectroscopy and Surface Analysis
spiral-like multishell carbon particles with structures being(NCESS, Daresbury Laboratory, UK. The samples were de-
intermediate in the transformation frosp’ to sp* carbon.  posited by dropping an isopropanol suspension of the ND
These consist of ND particles covered with nanometer sizegnto a sample cut from a silicon wafer with a native oxide
fullerenelike shells, which are similar to so called “bucky |ayer, Samples were also produced by depositing an isopro-
diamonds;®"2® (b) 1800-1900 K leads to the formation of panol suspension of the OLC and annealed ND intermediates
OLC containing the maximum concentration of carbon on-gjrectly onto a stainless steel sample holder. The samples
ions with 3-8 fullerenelike spherical shells and aggregates ofere then left to dry for several hours in air. The fresh, clean
onions with extended curved graphitic layers between themyopG (0001 surfaces were prepared by cleaving the sample
(c) above 2100 K leads to the formation of larger polygonalyith a tape in air followed by immediate insertion of the
hollow onions with a structure similar to that which was sample into an ultra high vacuuftuHV) chamber. After
observed when fullerene-containing soot was annealed #sertion into UHV, C% spectra of the carbon specimens
temperatures above 2300°K? _ . were measured in normal emission geometry using mono-
Since OLC was synthesized in macroscopic quantities, ithromated AIK,, radiation (photon energy 1486.6 8VAn
has become possible to explore its physical and chemic@yerall energy resolution 0.39 eV was determined from the
characteristics. It has been shown that due to an efficient z,,ssian width of the Glline of HOPG. All measurements
optical limiting action of OLC, they are good candidates foryere carried out at a pressure in theLTorr range. A flood
photonic applications? OLC also demonstrates high selec- gun was only used to irradiate the initial ND sample and ND
tivity and catalytic activity in the oxidative dehydrogenation gnnealed at 1170 K with 1 eV electrons in order to compen-
of ethyl benzene to styrerié.The properties of OLC pro-  sate for charging effects in the insulating diamond samples.
duced by annealing ND have been investigated by x-ray valence-band spectra were acquired at Beamline 4.1 of
emission spectroscopy, Raman spectroscoy, electron  the Synchrotron Radiation Sour¢8RS at Daresbury Labo-
energy-loss spectroscoffyelectron-spin resonan€@x-ray  ratory, U.K. Experiments were carried out in an ultra-high
diffraction®  and ultraviolet-visible absorption  yacyum chamber with a base pressure in the%Dorr re-
spectroscopy’ A photoemission study of potassium interca- gion, The samples were prepared by dropping isopropanol
lated polygonal hollow onions produced at 2140 K showedsyspensions of OLC or ND intermediates onto substrates cut
that these carbon onions behave as small graphite crystaigym a silicon wafer with a native oxide layer. After drying,
and hence display bulklike rather than molecularlikethe sjlicon plates were mounted in a sample holder in which
behavior?® The x-ray emission study of OLC produced in the the OLC or ND intermediate film was in a good electrical
temperature range of 1600-1900 K revealed that thet,C  contact with tantalum retaining clips. Before the measure-
spectra_exhibit a significant increase of the high-energyments of valance band spectra the samples were annealed at
maximum and are markedly different from the spectrum of1300 K for 5 minutes to remove adsorbates such as con-
particles formed at 2140 K, which is very similar to th&ki;  densed water, traces of isopropanol and oxygen-containing
spectrum of polycrystalline graphité. However, due to di-  groups. Photoemission spectra were measured in normal
pole selection rules, the x-ray emission spectra yield inforgmission geometry using a SCIENTA SES-200 analyzer and
mation on the partial density of states. Until now, the full 3 photon energy of 55 eV. The binding energy scales of the
electronic structure of OLC has not been studied. In thi§;alence-band spectra were calibrated by measuring the posi-
work we present results of a photoemission study of OLGijon of the Fermi edge obtained from a platinum foil in good
produced by annealing ND in vacuum in the temperatureiectrical contact with the sample. An overall energy resolu-
range 1100-2140 K. Photoemission spectroscopy is an ideghn 0.20 eV for the valence band was determined from the
method for measuring thématrix element weightedfull  \vidth of the Fermi cutoff.
density of states. In particular, it is interesting to monitor  The C1s photoemission spectra sf? bound carbon were
changes in electronic structure of these samples during préited using a Doniac-Surgjiline shapé® convoluted with a
gressive graphitization and consequent reduction of thgayssian. The Gaussian component accounts for the instru-
sp/sp’ carbon ratio. mental energy resolution together with any chemical disor-
der, and the Lorentzian width accounts for the finite core
hole lifetime associated with the photoionization process.
The sp® bound carbon component, components correspond-
Samples of nanodiamon@ND) were produced through ing to carbon atoms bound to oxygen and thgplasmon
explosion and isolated from the detonation soot by oxidativgpeak were all fitted with Lorentzian peaks convoluted with
treatment with a mixture of HCIQand H,SO,.%° According  the same Gaussian employed for broadeningsiiierelated
to small-angle x-ray scatteringAXS) and HRTEM studies peak. The background photoelectron intensity was subtracted
the size of ND particles varies from 2 to 20 nm with an by the Shirley method*

Il. EXPERIMENT
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TABLE |. Physical characteristics of OLC samples prepared at different temperatures.

Annealing temp(K) 570 1170 1420 1600 1800 1900 2140
Density (g/cm®) (Ref. 26 3.11+0.02 3.07+£0.02 2.90+0.02 2.53+0.02 2.14+0.02 2.03£0.02
Diamond fraction(Ref. 26 0.86+0.05 0.57+0.05 0.15+0.05 0
Electrical resistivity

At room temp. >10° >10° 160+2x10° 0.50+0.02 0.20+0.02 0.30+0.02 0.18+0.02

(Qcm) (Ref. 42

Ill. RESULTS gregates of carbon onions. OLC particles are connected to-
gether by joint curved graphite layers. According to HRTEM
Table | presents some of the physical characteristics of themages one carbon onion can have up to 5 neighboring on-
ND samples prepared at different temperatures, which werins joined to it by the curved graphite layers. The difference
obtained in our previous worl:*?> The values of the dia- in crystal structure of diamond and graphite results in an
mond fraction of the samples annealed at 1420, 1600, anadccumulation of different types of defects in the graphite
1800 K presented in the table were estimated from the valuesurved layers during their formation from diamond carbon.
of their density. According to HRTEM data and measure-Among these defects “Y” junctions of two basal graphite
ments of the sample densities, the graphitization of ND startplanes and interstitial planes between two basal planes are
at temperatures above 14002KThe graphitization under clearly observed in HRTEM images. The “Y” junctions in
annealing begins from the surface and proceeds towarddRTEM images can reflect, along with the presence of real
crystal bulk?543.44 “Y” junctions between graphene sheets, the presence of
Figure 1 presents HTRTEM images and schematic diaspiral-like structures, which can be observed in OLC. It is
grams of the products of graphitization of ND. The schematinteresting to note that the formation of spiral-like carbon
ics summarize the results of our previous HRTEM investigastructures has been observed in different processes. Kroto
tions of OLC and intermediates of ND to OLC and McKay?® proposed the growth of the spiral shell carbon
transformatior?>26:3243Due to the strong aggregation of the particles during the condensation of carbon vapor. Ozewa
initial particles of ND the resulting OLGshown in the sche- al.*6 showed the formation of 3D spiral carbon particles in a
matic for annealing to 1800-1900) Knostly consist of ag- furnace black irradiated by an electron beam. According to

Initial fullerene-like shells and Y Jjunctions (Y) Polygonal
T graphite curved layers Onion-Like Carbon hollow onions
- 1400-1600 K 1800-1900 K >2100 K

FIG. 1. HRTEM images and schematic diagrams of the products of ND graphitization at different tempesitoves on the images
The figure summarizes our HRTEM data on the structures OLC and intermediates of ND to OLC transforfRaf®r5, 26, 32, 39, and
43). The straight dark lines on the HRTEM images and the schematic of the initial ND and the intermediates of ND transformation at
1400-1600 K correspond 1d11) planes of diamond with interplanar distance of 2.06 A. Curved solid lines correspdf6aa graphi-
telike layers with an interplanar distance of approximately 3.4-3.6 A. These crystallographic planes of diamond and graphite are clearly seen
on the HRTEM images. Annealing at 1800-1900 K leads to the formation of OLC containing the maximum concentration of carbon onions
with 3-8 fullerenelike spherical shells and aggregates of carbon onions. Annealing above 2100 K leads to the formation of polygonal hollow
onions.
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FIG. 2. CX photoemission spectra of ND annealed in vacuum at ;
570 K (open circles and at 1100 K(full circles) and then exposed g
to atmosphere. The spectra were obtained in normal emission ge- 2
ometry at a photon energy of 1486.6 eV. = 1420 K
our HRTEM observations the major part of the OLC par-
ticles contain from 3 to 8 fullerenelike shells. OLC particles %:::_ . ——
containing 9-20 shells have a polygonal structure, no larger 2y NV ETE
particles were observed. Concentration of the larger OLC 280 285 290 295
particles is very low. Defects are annealed out at tempera- Binding Energy (eV)
tures above 2100 K, however, in this case, the structure of o
carbon onions changes to hollow polygonal onions. FIG. 3. Cl photoemission spectra of ND annealedat1420

K and (b) 1600 K and then exposed to atmosphere. The spectra
were obtained in normal emission geometry at a photon energy of
86.6 eV. The dots are experimental data and the solid lines are the
components into which the spectra were decomposed; the back-
fground is subtracted by the Shirley method. The resulting fit is
superimposed on the data. The inset shows the appearancemf the

. \Plasmon peakshakeup at 290.8 eV in the spectrum of the sample
the ND annealed at 1170 K has maximum at 287.0+0.1 e annealed at 1600 K. The residuals from the curve fittingunits of

with FWHM of 2.55+0.05 eV. We observed the presence ofgandard deviationare displayed in the bottom panel beneath the
oxygen(an OIsline, not shown here, could be obseryed  gpectra.
substantial concentrations in both samples, indicating that
oxygen-containing groups exist on the diamond surface. Wilarises from the differences between their preliminary treat-
sonet al*’ found that the C4 peaks of oxygen-containing ments. It is interesting to note that previous HRTEM studies
groups are shifted to higher binding energy from the mairdid not reveal the presence of well-ordered graphitic struc-
sp’ component by 1.2-1.6 eV for ethérC-O-C=<) groups  tures on the surface of the sample annealed at 1178ek
and by 2.6-2.9 eV for carbonyt>C=0) groups. In both the Fig. 1).2642The absence of a pronouncegf component at
C1s spectra from ND these peaks are not resol¢€d. 2), lower binding energy in the Glphotoemission spectrum
but they lead to a broadening of the spectra. (Fig. 2 of this sample also indicates that the annealing of
Oxygen-containing groups, such z€C-0OH (hydroxyl), ND at 1170 K is insufficient to produce appreciable graphi-
=C-0-C< (ethep, >C=0 (carbony), -COOH (carboxy}), tization.
-C(0O)OCs= (este},*® were formed on the surfaces of the ND  Figure 3a) shows the C& photoemission spectrum of ND
starting material during oxidative treatment in the HEIO annealed at 1420 K together with the corresponding fit
and H,SO, mixture. According to temperature programmed curves. The spectrum contains a clearly resolved peak at
desorption(TPD) data, thermal decomposition in vacuum of 284.7+0.1 eV. We assign this peaks carbon because the
these different groups occurs at different temperature rangesls line in graphite occurs at lower binding energy than that
and finishes at a temperature of 1100%The presence of in diamond*® However, this value of binding energy is 0.3
oxygen-containing groups on the surface of the sample areV larger than values previously reported for thes®ihding
nealed at 1170 K is explained by exposure to air after thenergy in graphit€®5! The possible reasons for this differ-
annealing. The 0.4 eV shift between the spectra can be exence will be discussed in the next section. We attribute the
plained by the different composition of oxygen-containingpeak at 286.10+0.05 eV binding energy with a pronounced
groups on the initial ND sample and the sample annealed ahoulder at higher binding energy $p* bound carbon and
1170 K and subsequently exposed to atmosphere, whictarbon bound to different oxygen-containing groups. Even

Figure 2 presents the Gphotoemission spectra of initial
ND (open circley and ND annealed at 1170 Hull circles)
and then exposed to atmosphere. The spectra were norm#}
ized with respect to peak height. The £deak of the initial
ND has a maximum at 287.4£0.1 eV and a full width at hal
maximum(FWHM) of 2.65+0.05 eV while the Cdpeak of
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TABLE II. C1s line shape parameters determined from fits to experimental data obtained from ND
annealed at 1420 K and 1600 (Kig. 3.

ND annealing temperature K

Fit parameters 1420 1600
sp? component Binding energieV) 284.70+£0.05 284.50+£0.05
FWHM (eV) 1.2+0.1 0.9+0.1
Singularity index(a) 0.22+£0.02 0.17+£0.01
Fractional peak are@b) 48+2 85+2
sp’ component Binding energieV) 286.0+0.1 285.8+0.1
FWHM (eV) 1.2+0.1 1.1+0.1
Fractional peak ared%o) 23+2 4.9+0.3
=C-OH, =C-0-C= Binding energy(eV) 286.7+0.1 286.6+0.1
FWHM (eV) 1.2+0.1 1.1+0.1
Fractional peak are@%b) 17+1 4.2+0.3
>C=0 Binding energyeV) 287.6+0.1 287.6+£0.1
FWHM (eV) 1.2+0.1 1.2+0.1
Fractional peak are@b) 12+1 3.0£0.3
7 plasmon peak Binding enerdgV) 290.8+0.1

though graphitization occurs initially at the surface of theexperimental error. However, the shift of the peak for car-
ND, we can observe thgp® component because the electron boxylic and ester groups did not correspond to typical litera-
escape depth is several nanome®éemd thus larger than the ture values when the fitting was performed with three com-
thickness of the 1-3 graphitic layers present on the diamongionents for oxygen-containing groups. Therefore, we
surface determined by HRTENHistance between the gra- excluded fits with three oxygen-containing groups from the
phitic layers in the samples is approximately 0.34-0.35consideration and fitted the spectrum Wlthi_ﬂﬁ component
nm).26 at 286.0+0.1 eV and two components, which we assigned to
As mentioned above, in contrast with the sample annealed C-OH and=C-O-C< groups at 286.7+0.1 eV, andC
at 1170 K, the surface of ND annealed at 1420 K is covered O 9roups at 287.6:0.1 eV. The final fitting parameters for
by curved graphitic layers, which can be clearly seen b)}he spectrum of the sample annealed at 1420 K are presented
HRTEM (see Fig. 1 In the literature the typical values of in Table II.

e A We observed a 1.3+0.1 eV difference in the binding en-
shifts in the C.$ binding enezrgy for carbon bo.u.nd to oxygen, ergy of thesp® and s> components, which is larger t?lan
com_pared with th_e main peak for graphitic materials, values obtained with lower resolution: 0.9 eV for amorphous
fall into three regions depending on the nature of 0XY9eNarhord259 and 0.8 eV for diamondlike film&-%° The rea-

containing group$?° (1) 1.3-2.4 eV for hydroxyl(=C-  gns'for such a large separation between the two components
OH) and ether(=C-O-C=) groups;(2) 2.6-3.5 eV for car-  4re not clear, however, fitting with a smaller difference in
bonyl groups (>C=0); (3) 4.3-54 eV for carboxyl pinding energy did not give a good agreement with the ex-
(-COOH) and estef-C(O)OC<=) groups. Due to the overlap perimental spectrum. A similar separation betwsgh and
of the sp® carbon component with components associatedp® components was found in Ref. 49 for an amorphous car-
with oxygen-containing groups it is difficult to determine bon film annealed above 1200 K.
how many types of oxygen-containing groups are present. Figure 3b) presents the Glphotoemission spectrum and
Therefore we first fitted the region at higher binding en-fit curves of ND annealed at 1600 K. The main peak of the
ergy with one component fap’® carbon and with differing s component is located at a binding energy of
numbers of components for oxygen-containing group84.50+0.05 eV. The spectrum contains at least two pro-
(from one to threg The fitting with one component for nounced shoulders at higher binding energy. The spectrum
oxygen-containing groups gave a 1.5+0.1 eV difference invas fitted with a peak associated wip® bound carbon at
the binding energy of thep? and sp®> components, which 285.8 eV, with a position which was fixed at 1.3 eV from the
is significantly larger than the differences of 0.9 eV re-sp component(found from fitting of the spectrum of the
ported for amorphous carb&® and 0.8 eV for sample annealed at 1420),Kand peaks due te=C-OH or
diamondlike-carbon film§16% Therefore, we excluded =C-O-C< groups at 286.6+0.1 eV, andC=0 groups at
this fit from our consideration. 287.6+0.1 eV. The fitting parameters for the spectrum are
Fitting with two and three components for oxygen- presented in Table Il.
containing groups gave a good agreement with the experi- The singularity index for the sample annealed at 1420 K
mental spectra. We found that the positionspt component is 0.22+0.1 which is similar to that which was obtained in
does not significantly depend on whether we fit two or threeRef. 49 for amorphous carbon films annealed at 1450 K.
peaks associated with oxygen-containing groups, to withirFurther annealing at 1600 K results in a decrease of the sin-
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hv=55eV
2.8

7.5

Intensity (arbitrary units)
w >
Intensity (arbitrary units)

HOPG

NN 2 0 2 4 6 8 10 12 14 16
283 284 285 286 Binding Energy (eV)
Binding Energy (eV)

FIG. 5. Evolution of valance band spectra as a function of an-
FIG. 4. Cls photoemission spectra of ND samples as a functionnealing temperature for samples annealed at 1420, 1600, 1800,
of annealing temperaturél) 1800 K, (2) 1900 K, and(3) 2140 K, 1900, and 2140 K(temperatures on the figure are presented in
compared with a spectrum obtained from HOPG. The dots are excelvin). Spectra were obtained in normal emission geometry using a
perimental data and the solid lines are resulting fits. The backphoton energy of 55 eV and spectra were normalized to the total
ground is subtracted by the Shirley method. The spectra were olphotoemission intensity betweenl eV and 10 eV binding energy
tained in normal emission geometry at a photon energy of 1486.6

eVv. tion. The possible reasons for the larger value of the singu-
larity index in the OLC will be discussed later.
gularity index to 0.17+0.01. The plasmon peakshake up The absence afp’ carbon in the sample is consistent with

satellite, which is associated withr-7" transitions in gra- our previous HRTEM data, which showed the absence of
phitic material$' appears at 6.3+0.4 eV from the €5  diamond structures in samples heated above 1880Haw-
peak in the spectrum of the sample annealed at 1600 K. Thisver, measurement of sample densities revealed the presence
peak was not observed for the sample annealed at 1420 &f sp’ carbon in the sample annealed at 1800sKe Table)l
(see the inset in Fig.)3 This discrepancy is explained by the presencsbfcarbon
Figure 4 presents Glphotoemission spectra of samples only in the core of the largest particléwith size up to 20
annealed at 1800, 1900, and 2140 K together with a speaim). The “screening” of these diamond cores by surrounding
trum from HOPG. Analysis of Odphotoemission spectra of graphite-like shells is the reason for the absence o§n
the annealed ND and HOPG shows that negligible oxygemound carbon component in the £XPS spectra of the
concentration(less than 0.5%is present in the samples. sample annealed at 1800 (fhotoelectrons from the cores
Thus, for the spectra in Fig. 4 we did not include the oxygerhave a mean free path shorter than the thickness of the outer
containing groups in the fitting. The best fits were obtainedgraphitic shells One can suggest that this “screening” effect
with one component, fosp? carbon. The C4 spectra of can alter the relative peak areasspf andsp® components in
these materials also containm plasmon peaks at the Cls XPS spectra of the samples annealed at 1420 and
290.7£0.4 eV for all OLC and 291.5%+0.4 eV for HOPG. 1600 K (see Table I, which will result in values which
The fitting parameters of these spectra are presented in Tabdffer from the sp?/sp’ ratios estimated from values of den-
[ll. We found a singularity index in the samples annealed asities of the sampleéTable ).
1800, 1900, and 2140 K of 0.15+0.1 which is larger than Figure 5 presents valence band spectra of samples an-
that of 0.11+0.1 for HOPG. The value of the singularity nealed at the five different temperatures. The spectra were
index we obtained for HOPG is lower than the value of 0.14normalized to the total photoemission intensity betweehn
measured for HOPG in Ref. 46 at lower instrumental resolueV and 10 eV binding energy. The spectra contain two

TABLE Ill. C1s line shape parameters determined from fits to experimental data obtained from ND
annealed at 1800, 1900, and 2140 K, and HQF@. 4).

Fit parameters for ND annealing temperat(ie

s’ component 1800 1900 2140 HOPG
Gaussian broadeningV) 0.42+0.01 0.43+0.01 0.42+0.01 0.39+0.01
Binding energy(eV) 284.45+0.05 284.45+0.05 284.45+0.05 284.40+0.05
Lorentzian width(eV) 0.28+£0.01 0.26+£0.01 0.22+£0.01 0.10£0.01
FWHM (eV) 0.69+0.05 0.66+0.05 0.64+0.05 0.50+0.05
Singularity index(a) 0.15+0.01 0.15+0.01 0.15+0.01 0.11+0.01
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L B B DL pared with that annealed at 1600(kee Table )l*? Further
graphitization of the samples at higher temperatures leads to
a decrease in the density of states at the Fermi |Evigl.
6(b)]. However, the process is not monotonic—we observed
an increase in density of states at the Fermi level for the
sample annealed at 1900 K when compared with the sample
annealed at 1800 K.

hv=55eV

IV. DISCUSSION

Annealing at temperatures above 1100 K results in com-
plete desorption of oxygen-containing groups—therefore the
presence of such groups on samples annealed at 1420 and
1600 K (see Fig. 3can be explained by the their exposure to
e atmosphere after annealing. At room _temperature amb?gnt

-0.5 0 0.5 1.0 1.5 2.0 oxygen may react with the edges of incomplete graphitic
Binding Energy (eV) layers, where there are highly reactive dangling bonds; in
contrast, the basal surfaces of graphite are relatively inert to

FIG. 6. Evolution of the valance band spectra near the Fermpxygen at room temperatufé. Thus the formation of
level (Er) as a function of annealing temperature for samples anpxygen-containing groups in these samples clearly indicates
nealed afa@ 1420 and 1600 K(b) 1600, 1800, 1900, and 2140 K tnat the outer fullerene-like shells are not completely closed.
(temperatures on the figure are presented in ke\dpectra were o the other hand, the absence of oxygen-containing groups
obtained in normal emission geometry using a photon energy of SStter exposure to atmosphere for the samples annealed at
ev. 1800, 1900, and 2140 K suggests that final closure of the

prominent peaks at 2.8+0.1 eV and 7.5+0.1 eV and a shoulRUter fullerene-like shells of OLC occurs at temperatures
der at 4.2+0.1 eV. The first peak, at 2.8+0.1 eV, is related te@bove 1600 K.
7 bonding in graphité23862 Progressive graphitization of ~ The sp” component in the Ci.core-level spectra of the
the ND in samples annealed at 1420 and 1600 K, and th®LC annealed at 1420 K is shifted by 0.3 eV towards higher
eventual vanishing op® carbon from the Cd4 photoemis-  binding energy with respect to that for HOREgs. 3 and 4;
sion spectrdFig. 4) in the sample annealed at 1800 K resultsTables Il and I1). To explain this shift, we note that previous
in increasing intensity and sharpness of the peak aHRTEM studie$>?643showed that at lower temperatures of
2.8+0.1 eV in the valence band spectra. The sharpening argtaphitization the first 1-3 graphite layers exfoliating from
increase in intensity of this peak demonstrates increased diamond surfaces merge with these surfaces, possess signifi-
bonding with increasing annealing temperature. A similar recant curvature, and contain defects. Graphitization of the
sult was obtained by Diagt al#° in their study of the graphi- smallest ND particle§2—3 nm in diametgrat lower tem-
tization of amorphous carbon films. This process is accomperatures results in the formation of OLC particles with 2—3
panied by an increasing intensity in the shoulder affullerenelike shells with the size of inner shells correspond-
4.2+0.1 eV in the valence band data, which indicates growtling to the size of the g fullerene molecul&®2¢The signifi-
of the population of mixedr-7 states’?*8 The second peak cant curvature of graphite layers and fullerene-like character
at 7.5+0.1 eV is related t@ bonding in graphit€23 |t  of the small OLC particles formed in the sample annealed at
should be noted that in our previous wdiRef. 38 for the 1420 K result in hybridization states of the carbon atoms in
sample annealed at 2140 K we found positions#cando  this material being intermediate betwesg® andsp®.6* Thus,
peaks of 2.92 eV and 7.84 eV respectively. The small shift tave suggest that the large curvature of the graphite layers of
lower binding energy in these peaks found in this work canOLC prepared at 1420 K causes the shift towards higher
be attributed to differences in the pretreatment of thebinding energy for thesp? component of this sample.
samples: before the measurements of valance band spectraThe inhomogeneitypresence of graphitic layers with dif-
the samples were annealed at 1300 K for 5 minutes in théerent radii of curvatureand disorder in the graphitic struc-
present work whereas in Ref. 38 samples were annealed atres present in the sample annealed at 1420 K cause the
670 K. significant broadening of the Glline from this sample,
Figure 8a) shows valence band spectra near the Fermwhich is characterized by the largest value of FWHM in
level of the diamond-containing samples annealed at 1426omparison with the other sampl@&mpare values in Table
and 1600 K. These spectfand those in Fig. @®)] were Il and Ill). The large curvature of graphite layers in this
obtained with higher resolution, better statistics, and smallesample also results in degradation of gheorbital overlap
step size than those in Fig. 5. We see that graphitization ofompared with planar graphite layers and thus explains the
the samples results in an increase in the density of electronimbsence of ar plasmon satellite in the Glspectrum[Fig.
states at the Fermi level. This is in accord with the significanB(a)], despite the presence sf? hybridized carbon.
decrease in the electrical resistivity of these samples: a de- Increasing the annealing temperature results in a rise in
crease in resistivity of about 6 orders of magnitude has beethe concentration of carbon onions with large radius and con-
previously measured for the sample annealed at 1420 K consequently a small curvature of the outer fullerenelike shells

Intensity (arbitrary units)
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(see Fig. 1, the HRTEM image at 1600.Khis is accompa- other data reported for HOPG arise from a combination of
nied by a shift of C% line towards a lower binding energy of factors including sampling depth, availability of final states,
284.50+0.05 eV, a significant decrease of the FWHM of theand the specific nature of the HOPG specimens used. In our
C1s line for the samples annealed at 160Qd¢e Table I,  case, one might expect an even larger splitting of the bulk
and the appearance ofa plasmon satellite feature in the and surface component in the €photoemission spectra
Cls data. when compared with HOPG, since the inner fullerenelike
Samples annealed at temperatures of 1800, 1900, arghells in OLC have more curvature than surface layers. Thus,
2140 K do not evidence angp® hybridized carbon in their the increased Lorentzian width of OLC compared with that
C1ls spectra. The Cdpeak of the samples has a maximum atof HOPG is likely to be caused by the structural differences
284.45+0.05 eV, which is slightly higher than the value of between OLC and HOPG. The structural nonuniformity of
284.40+0.05 eV found for HOP@Gee Table Ill and Fig.4  the OLC samples, namely the presence of graphite layers
however, the difference in the position of the Llines is  with different curvature can, we believe, be the underlying
within experimental error. For these samples we found aause of the large Gaussian broadening of the spectra from
large (0.22—-0.28 eV Lorentzian width when compared with these samples and the different value of the singularity index
HOPG(0.10+0.01 eV (see Table . These Lorentzian line- with respect to that of HOPGTable IlI).
widths are also larger than the width of 0.21 eV for HOPG Finally, we found that samples annealed at 1600, 1800,
reported by Settet al®® There are several possible reasonsand 1900 K show a small increase in density of states at the
for such broadening. The first possibility, is that the Lorent-Fermi level(Fig. 6). A possible reason for this is the presence
zian linewidth accounts for the lifetime of the €&ore hole  of defects in the fullerenelike shells of OLC. It was shown
and, as was shown in Ref. 62, the decay of the &fe hole that the difference in crystal structures of diamond and
is a result of &KLL Auger process. Since theelectrons are graphite results in an accumulation of different types of de-
valence electrons, the core-hole lifetime depends on the hyfects in the graphite curved layers during their formation
bridization state of carbon atoms in a sample. Carbon atomsom diamond carbofisee Fig. 1.3243The defects within the
in the OLC samples have intermediate hybridization stateurved layers are five or seven atom rifg¥,” junctions of
between puresp® and s’ states, due to curvature of the two basal graphite plané® or an interstitial plane between
fullerenelike shells. Thus, we could expect that the presencevo basal planeéand vacancie® The x-ray emission spec-
of a KLL Auger process can provide extra or faster decaytroscopy study performed in Ref. 32 revealed an increase in
channels in OLC. However, it was demonstrated that thehe partial density of states near thgpeak of OLC produced
Lorentzian width forsp® carbon is even smaller than that for at 1600 and 1900 K when compared to OLC produced at
sp’ carbon®®66 Direct measurements of Lorentzian width of 2140 K and HOPG. Quantum-chemical calculations on
diamond give a value of 0.11 é¥.Thus, in analogy, one “holed” carbon cages suggest that this increase is due to the
could expect that the introduction sp’ states will introduce  additional contribution of electrons from dangling bonds on
“narrowing” rather than a “broadening” as we observed inzigzag edges. This localization might result from defects in
our experiments. We believe that this mechanism cannot exhe curved graphitic networks, namely, the holes which ap-
plain our data. pear due to the deficit in surface atoms in ND compared with
The second possible reason may be related to phonamhat required to form an ideal spherical shell of the same
broadening of spectra. Princet al®® suggested that de- diameter? We should also note that defects such as holes,
creased lifetime is not real, and is not due to an initial statenterstitial planes and vacancies formed during the graphiti-
effect, but that phonon broadening in the final state gives riseation of ND are situated inside the carbon onions, because,
to a non-Gaussian line-shape contribution. The presence @s we showed earlier, the absence of oxygen-containing
characteristic vibrations in carbon onions, which are differengroups in samples annealed at 1800 and 1900 K indicates
from those in planar graphite, was found in their infraredthat their outer fullerenelike shells are closed. This fact can
absorption spectrif,and in Raman spectf&:2333We believe  explain the low sensitivity of photoemission spectroscopy to
that this is one possible reason behind the broadening of thibe presence of such defects and thus the rather subtle, but
Cls lines associated witep’ carbon in OLC. reproducible, nature of the changes in the valence band spec-
A third possibility for the increased Lorentzian broaden-tra close to the Fermi level.
ing is the difference in surface and bulk states in graphitic The process of accumulation of defects which accompa-
materials. Balasubramaniagt al%® measured C4 photo- nies the increase in density of states at the Fermi level was
emission spectra of HOPG at several excitation energies beiso observed by Diaet al*® for graphitization of amor-
tween 300 and 350 eV in normal emission geometry with gphous carbon films, initially containingp® carbon, in the
resolution of 50 meV. The observed increase in Lorentziariemperature range of 650-1450 K. However, in contrast to
width of the core level was explained in terms of the splittingthe data presented in Ref. 49, we do not observe a shift in the
of bulk and surface states in the spectra. It was shown thdiinding energy of the Cdpeak of the OLC samples to val-
the Cls photoemission line is a doublet with a bulk compo- ues below those for HOPG. The sample annealed at 2140 K
nent situated 120 meV lower in binding energy than the surhas the lowest density of states at the Fermi I¢Fa]. 6(b)].
face componerf Recently Smithet al®® resolved the sur- This indicates a decrease in defect concentration within this
face to bulk core-level shift in HOPG using monochromatedsample and leads us to the conclusion that temperatures
Al K, x rays with a total instrumental broadening of 0.42 eV.lower than 1900 K are not sufficiently high enough to make
The value obtained for the shift in this work is 0.46 eV. Thecarbon atoms mobile in order to anneal out defects. It is
authors concluded that the differences between the variousteresting to note that 2140 K is close to the typical range of
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temperatures(2200-2400 K where the process of full 0.30+£0.05 eV and 0.10+0.05 eV shifts to higher binding en-
graphitization of amorphous carbon occft$? ergy of thesp carbon component of the Glines for the
samples annealed at 1420 K and 1600 K, respectively, when
compared with the binding energy of tisg? component of
V. CONCLUSIONS HOPG were explained by the significant curvature of graph-

We have studied the products of the high temperaturd® 1ayers of the small OLC particles formed during initial
phase transformation of ND by core level and valance ban raphitization. An increase in density of states near the Fermi

photoemission spectroscopy. The formation of oxygen-evel i_s caused by an accgmulation of Qiﬁerent types .of de-
containing groups in samples annealed at 1420 and 1600 f€Cts in the curved graphite layers during graphitization of
and then exposed to air indicates the presence of edges fRnodiamond up to a temperature of 1900 K. Annealing at
(incompletg graphitic layers in these samples. Such oxygen_hlgher temperatures resulted_ in heal_lng of these defects and_
containing groups were not detected in samples annealed W@S reflected in a decrease in density of states at the Fermi
1800, 1900, and 2140 K and then exposed to air. Thereford®Vel-
we suggest that annealing at temperatures higher than 1600

K results in the full closure of the outer fullerenelike shells

of OLC. We found a largé¢0.22—-0.28 eV Lorentzian width Y.B. is grateful to the Royal Society for financial support.
for samples annealed at 1800, 1900, and 2140 K when com-.S. would like to thank the Royal Society and EPSFER/
pared with HOPG(0.12+0.0). We propose that the most A92200/02 for financial support. S.K. thanks the scholar-
likely reason for such broadening is a splitting of bulk andship panel of the University of Newcastle upon Tyne for
surface components in the €Photoemission spectra of financial support. A.K.C. acknowledges financial support
OLC. This splitting is larger for OLC, when compared with from the EPSRC and the University of Nottingham. We
HOPG, since the inner fullerenelike shells in OLC havethank G. Miller for valuable technical support during the
more curvature than the planar HOPG layers. Theexperiment.
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