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X-ray emission spectroscopy has been applied to examine the electronic structure of onion-like carbon (OLC)
generated by the annealing treatment of nanodiamonds (ND). The. €pkctra of OLC produced in the
temperature range of 1660900 K were found to be markedly different from the spectrum of particles
formed at 2140 K and to be characterized by better ordering of graphitic shells. The latter spectrum was
shown to be very similar to the Cdof polycrystalline graphite, while the former ones exhibited a significant
increase of the high-energy maximum that might be caused by the defect structure of graphitic networks
forming at the intermediate temperatures. The experimental spectra were compared with the theoretical spectra
from quantum-chemical semiempirical AM1 calculation of several models: a fullerene molegig/dya®ing
icosahedral structure, a4 molecule incorporating a greater number of honhexagonal rings, and a holed
structure formed by removing pentagons from the icosahedral molecule. The density of high-energy electronic
states in the valence band of the graphitic cage was found to be practically invariant to a change in ring
statistics but to significantly increase because of localization of electrons on the zigzag sites of a hole boundary.

Introduction to generate carbon structures as transient states in the conversion

Carbon is a unique element, yielding the greatest variety of Of the diamond particle into a graphite partiéi@he transfor-
structures involving atoms of one kind only. Carbon structures mMation proceeds from the surface to the center of the diamond
having nanometer sizes (fullerenes, nanotubes, onions, etc_)oartlcle. At |ntermed|a.te. stages, the particles contalln a diamond
presently attract much attention as prospective technologicalcore coated by graphitic layers, the number of which depends
materials, and they constitute a major part of the emerging field On the transformation depth. During the reorganization of
of nanotechnology. Fundamental research into these objects isc@rbon, its density is markedly changed, so graphitic layers in
directed toward the link between the topology of th@crbon the |ntermed|a'te structures may be expepted to be very defective
network and the properties of the material. Fullerenes and carbon@nd characterized by unusual electronic states. _
nanotubes are the most widely studied systems (see, for example, One of the experimental methods for directly probing the
refs 1, 2), while still little is known about the electronic states €lectronic structure of molecules and solids is X-ray emission
and properties of carbon onions because of significantly lower SPectroscopy? X-ray emission arises as a result of electron
availability of the samples. Although onion-like carbon (OLC) transitions from qccup|ed valence states to a prewou_sly created
particles have rather long been detected in arc-dischargecore hole and is governed by the dipole selection rules.
products? only after the fullerene discovery did substantial Therefore, the C i spectrum effectively measures the C 2p
interest in these structures arise. Carbon soot irradiated bypartial density of states (dos) in the valence band of a specimen,
intense electron beams was found to reorganize into the quasi-Which can be compared to the same partial dos from quantum-
spherical particles composed of concentric graphitic shélksat chemical calculations. In the present work, to reveal the
treatment of this soot at temperatures above 2400 K led to the€lectronic state of carbon in the samples produced on the
formation of hollow carbon oniorfsThe OLC was also obtained  different stages of ND annealing, we have applied the method
by ion implantation of carbon atoms into a silver substrate heated Of ultra-soft X-ray fluorescence spectroscopy. To clarify spectral
to 600°C.8 Annealing of nanodiamonds (ND) in the temperature féatures, the models of the carbon cage incorporating various
range of 14061900 K yielded aggregates of OLC particles defects were calculated using the semiempirical method AML1.
having up to seven sheflBecause this method made it possible
to produce onion-containing material in macroscopic quantities,
the samples could be studied by various spectroscopic meth- The ND samples were prepared by an explosive method and
ods: Ramar; 1% X-ray photoelectrod! and electron energy-  then treated with a hot mixture of concentrategSB: and
loss?? HCIO4 acids in a proportion of 1:1 to remove the detonation

The treatment of ND at different temperatures has been found soot!* The annealing of ND samples was performed in a high-
by high-resolution transmission electron microscopy (HRTEM) vacuum chamber at temperatures of 1170, 1600, 1900, and 2140
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X-ray fluorescence spectra of the samplesiland nontex- Theoretical C K spectra were constructed in the framework
tured polycrystalline graphite were recorded with X-ray spec- of the frozen orbital approximation (Koopman’s theorem) on
trometer “Stearat” using a crystal analyzer of ammonium the basis of calculation of the ground state of the compound.
biphthalate (NHAP). How this crystal is used to obtain the C X-ray transition intensity was calculated by summing the
Ka spectrum is described elsewhébeThe samples were  squared coefficients for carbon 2p atomic orbitals (AOs) in the
deposited on copper supports and cooled to liquid nitrogen real occupied molecular orbital (MO). The energy location of
temperature in the vacuum chamber of the X-ray tube operatingintensity corresponded to the MO eigenvalue. Intensities so
with a copper anodel = 6 kV, | = 0.5 A). The nonlinear obtained were normalized by maximal value and broadened by
reflection efficiency of the NHAP crystal analyzer allows the  convolution with Lorentzian functions of 0.6 eV half-width at
reliable measurement of theokemission of carbon in the energy  half-maximum (hwhm). To avoid the cluster boundary having
region of 285-275 eV. Determination of the X-ray band energy an effect on the spectral profile, only the central atoms of
was accurate te-0.15 eV with spectral resolution 6f0.5 eV. diamond and graphite clusters were involved in the calculation.

Calculation Results and Discussion

The quantum-chemical calculations of carbon structures were HRTEM Study of the Samples. The HRTEM patterns of
carried out using the semiempirical AM1 metRbaithin the the samples under investigation are shown in Figure 1. The
GAMESS packagé’ To model diamond and graphite particles, sample 1, treated at 1170 K, consists of diamond particles having
clusters belonging tdy and D2, point group symmetries were  an average size of 4.7 nm. The distance between the interference
generated, respectively. The carbararbon bonds were as-  fringes, being equal to 2.06 A, corresponds to the (111) diamond
sumed to be 1.54 and 1.42 A long in the diamond and graphite spacing. X-ray photoelectron spectroscopy showed the surface
clusters. For saturation of dangling bonds at the cluster bound-ND particles annealed at this temperature to be free from
ary, hydrogen atoms were used. The geometries of fullereneoxygen!! The image of sample 2 demonstrates the rearrange-
molecules of Gs composition were fully optimized by the  ment of the ND surface into graphite layers. In the case of
standard BFGS procedure to the gradient value of* Ha/b. relatively large particlesd > 3 nm), the formation of 24
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and the relative intensities of marked features. These differences
are likely to be caused by contribution of the edge states, of
which there are relatively more in the polyhedral particles, which
are small in size. The lack of features in the diamond € K
spectrum comes from the fact that carbon atoms have only
o-type interactions. The electronic structure of graphite com-
priseso- and z-states, which can be separated using angle-
resolved X-ray spectroscopyThe lines A and C in the spectra

of samples 4 and graphite correspond mainlyt@ando-states,
respectively. The feature B is formed by X-ray transitions of
both types of electrons. The greatest difference between the
spectra of diamond and graphite is observed in the energy region
of 278281 eV and consists of a reduced density of C 2p states
in the latter spectrum.

The C Ko spectrum of sample 3, produced at the intermediate
temperature, is noticeably different from the spectra of ND
particles and of graphitic ones (Figure 2). The spectrum of
sample 3 exhibits three maxima at 277.5, 279, and 282 eV. The
energy positions of the first two maxima are close to those of
the features C and B in the spectrum of sample 4, while the
maximum A is shifted by 0.4 eV toward the high-energy spectral
region and has surprisingly high intensity (comparable to the
intensity of the main maximum). Such enhancement of the
maximum A indicates a considerable localizatiomadlectrons,
the most probable reason for which is a disruption of the
uniformity of the graphite network by defects. Actually, the
number of (111) surface atoms of the diamond particle can be
estimated and shown to be insufficient to generate an ideal
graphitic sphere. The densities of atoms within a fullerene
molecule and a (111) diamond face are 2.64 atorhanll 2.77
Figure 2. C Ka spectra measured for nanodiamond particles treated atoms/A&, respectively. Considering the increase of layer spacing
at 1170 K (1), 1600 K (2), 1900 K (3), and 2140 K (4) and for non- yp to 3.4-3.5 A in the carbon onion relative to the value of
textured polycrystalline graphite (5). Profile 6 was obtained by sub- 205 A in diamond. bulk atoms of the ND particle must be
traction of 0.86 part of the intensity of spectrum 1 from spectrum 2. . . - o

involved in the formation of the closed graphitic cage. Because

graphite-like layers spaced by 0:38.35 nm is observed. The of limited thermal diffusion of carbon atoms at lower temper-
proportion of small ND particles having about a 2 nm diameter atures, the graphitic layers developed on the surface of the ND

does not exceed 5%, and such particles are practically Com_particle might be assumeq to be h_ighly_defective. The presence
pletely transformed into graphite ones. The diamond weight _of defect; and structural wregularltles in OLC produced at the
fraction in sample 2 has been determined by the measuremen{termediate temperatures is strongly supported by the data on
of the true density of the sample to be 0!8&ample 3, prepared the surface area_measuremelﬁtihe surface of OLC_ particles

at 1900 K, mainly comprises aggregated quasi-spherical OLC W&S detected to increase +.5.6 times compared with that of

particles, which change on further heating above 2140 K to the ND particles, while the estimation from the densities of diamond
polyhedral hollow particles (sample 4 depicted in Figure 1). and ideal graphite~1.5) shows this value should be equal to
The diamond fraction persists in sample 3 and is G8TBhe 1.3. When the temperature of ND treatment reaches about 2100

core-loss spectrum of spherical carbon onions prepared at similar<: the defects in OLC anneal out as indicated by the similarity
temperatures also indicated the presence Gthgpridized between the C K spectra of sample 4 and graphite. The large
atoms!2 In rare cases, a tiny diamond particle residing in the Cavity (about several nanometers) and the smaller number of
center of a quasi-spherical onion can be detected by electron/@yers in the polyhedral particles (Figure 1) suggest that the
microscopy. lack of atoms in graphitic networks is more likely to be
X-ray Emission Spectra of the Carbon SamplesC Ka _compensated by the atoms previously comprising the core and
spectra of the carbon samples are presented in Figure 2. Thdnner shells of OLC particles.
spectrum of sample 1 containing ND particles is almost  Graphitic layers covering the ND particles and appearing at
coincident with that of the diamond single crystalThe C Ko ~1600 K could be the cause of the slight distinction of the C
spectra of samples 1 and 2 are largely similar in appearanceKa spectrum of sample 2 from that of ND particles (sample
and only exhibit one broad maximum around 279 eV. The 1). The X-ray emission spectrum probes the electronic states
spectrum of sample 2 is characterized by a somewhat moreof all carbon atoms in the sample. For homogeneous materials,
pronounced high-energy shoulder, A. The spectrum of samplesuch as diamond or graphite, the Gxkspectrum is rather
4, in which the ND particles are completely transformed into characteristic and corresponds to the density of 2p electronic
the polyhedral graphitic particles, agrees with the €dpectrum states of sp or spg-hybridized carbon. The C & spectrum of
of polycrystalline graphite (Figure 2, trace 5). These spectra sample 2, being a composite, is a superposition of X-ray
have the main maximum, C, around 277.5 eV, the high-energy transitions in at least two kinds of carbon atoms: the first kind
shoulder, B, around 279.2 eV, and the short-wave maximum, constituting the still substantial diamond particle and the second
A, at 281.6 eV. The C K spectrum of sample 4 slightly differs  kind involved in graphitic networks. The electronic state of the

C B A from that of graphite by the location of the main maximum
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a

Figure 3. Calculated structures of the hydrogen-terminated diamond fragme#tti6; (2), hydrogen-terminated graphite fragmentd3ss (b), In
isomer of G4 (C), On isomer of Gao (d), and holed cage 1 (). Spectra of diamond and graphite were plotted for central atoms.

latter kind of carbon can be revealed by a subtraction of the rings (Figure 3c); th®y, isomer 0fC,4 contains 24 pentagonal,
ND spectrum from the spectrum of sample 2, taking into account 92 hexagonal, and 6 octagonal rings and has a more spherical
the data on the true density of the sample. The spectral profile shape (Figure 3d). The ring changes in the carbon cage have
6 shown in Figure 2 was obtained by magnifying by a factor 7 been shown to decrease th&lelocalizatior?? and it would be
the difference between previously normalized intensities of of interest to consider the effect of ring statistics on the &€ K
spectrum 2 and a 0.86 part of the intensities of spectrum 1. spectrum. Finally, the holed cageisg (Figure 3e), obtained
Summing of the statistical spread in the spectra followed by by removing pentagonal rings from theC.40, was calculated.
normalization causes significant reduction in the reliability of The network of this structure comprises conjugated hexagonal
the spectral band evaluation. Nevertheless, in the high-energyrings, some of which incorporate 2-fold coordinated carbon
region characterized by the higher statistics, the maximum at atoms.
282.7 eV is evidently detected. The electronic states that formed Theoretical C Ku spectra for the carbon structures are
this maximum are close to the localizedtates which appeared  presented in Figure 4. The energy scale corresponds to the MO
in sample 3. The shift of the detected maximum by 0.7 eV eigenvalues calculated for the cage molecules. The spectra
toward increasing the X-ray transition energy indicates that modeling the electronic states of diamond (Figure 4a) and
correspondingr-states in sample 2 are more weakly bonding graphite (Figure 4b) were aligned to this scale to suit the
than those in sample 3. The small size of graphitic areas experimental data from Figure 2. The need for the alignment is
generated in sample 2 may be a reason for the energetic shiftingcaused by the two different types of the calculated structures,
of the localized electronic states. those comprising carbon atoms alone and those having a
Quantum-Chemical Calculations on Fullerene Cageslo hydrogenated surface. Saturation of the dangling bonds on the
reveal the effect of graphite network topology on the density edges of diamond and graphite clusters by hydrogen atoms aids
of occupied 2p electronic states, the quantum-chemical calcula-iterative convergence during a quantum-chemical calculation.
tions of a number of carbon systems (Figure 3) were performed However, the hydrogen atoms induce charge on the carbon
using AM1 method. The fragments of diamond and graphite cluster that results in equidistant shifting of energy levels. The
consist of 136 and 238 carbon atoms, respectively (Figure 3a,b).sifting value may be expected to be dependent on the ratio
The reasonable size of the clusters is expected to substantiallypbetween bulk and surface atoms in the calculated structure. The
reduce the impact of edge electronic states on the spectral profilerelation between the theoretical spectra and the experimental
plotted for the central atoms. The fullerene moleculg,Geing ones indicates the limitations of the computational scheme used.
a second inner shell of the ideal spherical oAlamas chosen Thus, the spectrum of the diamond cluster exhibits reduced
as a model of a closed graphitic cage. Two isomers belongingintensity of the line C. The C & spectrum of the graphite
to I, and Oy, point groups of symmetry were examined. Tihe fragment has three features A, B, and C, of which the energy
isomer of Ggo includes 12 vertexes composed of pentagonal separations are close to the values in the experimental spectrum
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C B A A rating octagons and having twice the number of pentagons of
\ the icosahedral molecule. The comparison between the spectra

of these two G4 isomers revealed no significant distinctions

/ in the intensity and energy position of the spectral features. The
increase of the energy of the highest occupied MO (HOMO)
a ) and the number of levels in the interval fronB to —11 eV
I ﬁl I l h“’ | \ diamond indicate the greater localization ot electrons in theOy,
| ] symmetric molecule, which, however, is still inadequate to
\ change the C K profile significantly. The sphybridization in
/\ OLC, as has been demonstrated by molecular dynamic simula-
\“ tion, may originate from the intershell [ink&.The quantum-
chemical calculation of a model constructed from two graphite
b \ graphite layers connected by covalent bonds has shown a rather strong
l ” ‘ II i “i I‘ S change of density ofr-electron states relative to that in the
.‘i.l Ty graphene sheéf.The C Ko spectrum of this calculated model
exhibited an increase in the intensity of high-energy features,
which is comparable to that in the spectra efddnolecules.

The effect of incomplete bonding in the graphitic shell on
the density of occupied states was tested forg €tructure:
a three-dimensional network consisting of hexagonal rings only
(Figure 3e). The C K spectrum plotted for this structure is
considerably different from the spectra of other calculated carbon
systems especially in the high-energy region (Figure 4). A
comparison between the theoretical spectra of graphite and this
holed graphitic cage reveals distinctions similar to those
observed in the experimental Cokspectra of polyhedral and
spherical particles (Figure 2). The spectrum of the holed
structure has three maxima, C, B, and Bhe latter maximum

m\
almost reaches the intensity of the main maximum and is shifted
\\/\ from the position of the graphite maximum A by 1.5 eV. A
L\ similar shift of the high-energy maximum was detected for the
e ! | spectral profile 6 of Figure 2, corresponding to the electronic

state of graphitic layers generated on the ND surface. The
smaller value of energetic shift found in the experiment might
4 be caused by the larger area of theonjugated system in the
20 -15 -10 5 (V) real particles compared with that in the model structure.

. . One of the reasons for electron density localization may be
Figure 4. C Ka spectra calculated for diamond clustefsdtio (a), the formation of zigzag edges in the holed cage. Actually, similar
graphite cluster gaHss (b), In Caa0 (€), On Cas0 (d), and holed cage : - , !
Cis0 (€). Experimental spectra of nanodiamond particles and polycrys- Put smaller magnitude effects have been found in the electronic
talline graphite are shown for comparison. structure of graphene ribbdiigind carbon nanotube fragmefits.

To analyze in detail C 2p-electron distribution in the valence
but the relative intensities of first two lines are somewhat band of the Gg cage, two components assigned to two- and
enhanced. Thus, the calculation on carbon structures provideghree-coordinated carbon atoms were separated (Figure 5a). The
good fitting to the relative energy of basic features of @ K maxima C and B in the {go spectrum correspond mainly to
spectrum and underestimates the intensity in the long-wave energetic levels occupied by 2p electrons of three-coordinated
spectral region. carbon. The high-energy maximum' Ariginates from both

The C Ko spectrum of the icosahedrabf molecule shows  types of atoms, but the contribution from electrons of two-
the main maximum C and a less intense maximum A (Figure coordinated carbon is significantly greater. Calculation of the
4c). The shoulders B and' Are detectable on the high-energy atomic orbital population indicates that the increase of the
side of these maxima. Relative intensities of the lines B and A maximum at—10 eV is governed by a summing of density of
in the Gao Spectrum are noticeably higher compared to those the pand g electrons of two-coordinated carbon (Figure-5b
in the graphite spectrum. Intensity enhancement is caused byd). In the local coordinates, thg AO is directed along the
the localization ofr electron density in the cage molecule and dangling C-C bond. The structurally limited overlapping of
is more significant for the small cages such as fullerengs C this component with AOs of neighboring atoms leads to the
and Go.2® Nevertheless, the increase of high-energy intensity localization of electrons onto the levels spaced in the narrow
of the Go X-ray emission spectrum compared to that of the interval of ~1.5 eV (Figure 5b). The ypcomponent being
graphite spectrud is not so crucial because it was fixed for perpendicular to the surface cage is analogous to the graphite
sample 3. The reorganization of electron density due to z electron. The energetic splitting of the gopmponent in the
formation of ideal fullerene-like shells in OLC is not sufficient Cigocage is practically the same as that in the icosahedual C
to fit the features of the latter spectrum. Defects occurring in illustrating the retention of a delocalizedsystem in the holed
the graphitic cage can assist the localizationredftate density. structure. However, the occurrence of incomplete bonding
The most probable kinds of defect are nonhexagonal rings, sp restricts the conjugation of electrons, with the resulting shift
hybridized atoms, and incomplete bond#idzigure 4d shows of the maximum density in the region of higher energy (Figure
the theoretical C & spectrum ofOy Ca40 (Figure 3d) incorpo- 5c¢). Theo-type interaction of two-coordinated atoms with the
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Figure 5. Theoretical C Kt spectrum of G cage (a) subdivided into
two components, corresponding to 2-fold coordinated (line 1) and 3-fold
coordinated (line 2) atoms and calculated population.dbp p, (c),

and p (d) atomic orbitals of two-coordinated carbon. The direction of
these AOs in the local coordinates is schematically shown at the left.

neighbors is realized mainly by the, AO (Figure 5d).
Tangentially-directed ,Jpand p components could participate
in the formation of the same MO, but their mixing is very small
as found from the comparison of distributions in Figure 5b,d.

The difference in the population of these AOs indicates the loss b
of equivalency ofo electrons of the two-coordinated carbon  Figure 6. Localizedo- (a) andz-type (b) molecular orbitals in the
atom. holed graphitic structure.

Figure 6 shows examples of the localized MOs, which can
be found in the holed graphitic system. The molecular graphs bonding electrons in OLC. This localization might result from
were generated by calculations on a fragment of the €&ge. defects in the curved graphitic networks, namely, the holes
The change of shading corresponds to the change of wavewhich appear through a deficit of surface atoms of ND that are
function phase. The-type MO (Figure 6a) is mainly formed required to form an ideal spherical shell. Quantum-chemical
by the AOs directed toward the center of the hole. Some calculation on the holed cage explains the crucial increase of
overlapping of these orbitals with the AOs of neighboring atoms high-energy intensity by the additional contribution of the
is the most likely cause of the energetic splitting of the p electrons from dangling bonds on the zigzag edges. The relative
component (Figure 5b). The MO depicted in Figure 6b is chemical inertness of such bonds might be explained by the
characterized by the localization @ftype electrons. Accidental  steric problems occurring when reagents penetrate deep into the
near degeneracy in energy of the localizestates and electron ~ OLC through rather small holes.
states of the dangling bonds provides the high total density
observed in the high-energy region of the holed carbon cage Acknowledgment. We thank the INTAS (Projects Nos. 97-

(Figure 5). 1700, 00-237), the Russian scientific and technical program
<Actual directions in physics of condensed statesn the
Conclusion <Fullerenes and atomic clustergProject No. 98055) and the

Russian Foundation for Basic Research (Project No. 00-03-
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Annealing of ND at moderate temperature makes it possible
to produce structures that are intermediate in the carbon
transformation from the Syto the sp state. Electron microscopy
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