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Quantum Confinement and Fullerenelike Surface Reconstructions in Nanodiamonds
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We present x-ray absorption and emission experiments and ab initio calculations showing that the
size of carbon diamond must be reduced to at least 2 nm, in order to observe an increase of its optical
gap, at variance with Si and Ge where quantum confinement effects persist up to 6–7 nm. In addition,
our calculations show that the surface of nanodiamond particles larger than ’ 1 nm reconstructs in a
fullerenelike manner, giving rise to a new family of carbon clusters: bucky diamonds. Signatures of
these surface reconstructions are compatible with pre-edge features observed in measured absorption
spectra.
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FIG. 1. Electron diffraction pattern (top left), power spec-

sorption and emission measurements on nanodiamonds
synthesized in detonation waves from high explosives. In

trum (bottom left), and HRTEM picture of the edge zone of a
collection of nanodiamonds.
Nanometer sized diamond is a constituent of diverse
systems [1] including interstellar dusts and meteorites
[2–5], carbonaceous residues of detonations [6], and dia-
mondlike films [7–9]. More than a decade ago Lewis et al.
[2] reported the presence of diamond nanoparticles in
carbonaceous chondrites, the grain sizes varying from
1.4 to ’ 4 nm, with a distribution peaked around 2.6 nm.
In order to test the different hypotheses suggested in
the literature to explain the origin of these diamond
nanoparticles [4], structural models are essential, but
yet unavailable. In particular, models for the surface
structure of nanodiamonds are required to explain the
data collected for nanodiamond in meteorites. While the
structural properties of nanodiamond are basically unex-
plored, a report [8] on its electronic properties has re-
cently appeared in the literature. It suggests that reducing
the size of diamond to the nanoscale may have stronger
effects on its optical gap than, e.g., in the case of Si and
Ge, and that the gap of particles with a diameter as big as
27 nm could still be larger than that of the bulk [8].

In this Letter we present ab initio calculations and
x-ray absorption and emission experiments on the effect
of quantum confinement and surface reconstructions in
nanosized diamond. Our results show that the diameter
of carbon diamond must be smaller than at least 2 nm
in order to observe an optical gap larger than that of
the bulk, contrary to what was reported in previous ex-
periments, and at variance with Si and Ge[10–12]. In
addition, based on ab initio simulations, we propose evi-
dence for a new family of carbon clusters: bucky dia-
monds. These are bare carbon nanoparticles consisting of
a diamond core and a fullerenelike reconstructed surface.
Our theoretical findings on bucky diamond are consistent
with pre-edge features observed in measured absorption
spectra.

We performed ab initio calculations using density
functional theory (DFT) [13], and carried out x-ray ab-
0031-9007=03=90(3)
our DFT calculations, performed within both the gener-
alized gradient approximation (GGA) [14] and the time-
dependent local density approximation (TDLDA)[15],
we used a pseudopotential, plane wave approach. The
x-ray absorption and soft x-ray fluorescence experi-
ments were carried out at the Stanford Synchrotron
Radiation Laboratory and at the Advanced Light Source
in Berkeley. The sample size and crystallinity were veri-
fied by electron diffraction and high resolution transmis-
sion electron microscopy (HRTEM). The intense peaks of
the electron diffraction pattern, shown in Fig. 1, indicate
a high diamond content of the sample. The HRTEM
further revealed the crystallinity of the samples with
enhanced atomic layers. It is worth noticing that contrary
to nanodiamonds found in meteorites [4], we did not
observe a significant proportion of twinned diamond
crystals. A detailed analysis of the HRTEM images
showed a nanodiamond size distribution of 4� 1 nm.

We first discuss the properties of small nanoparticles,
i.e., particles with diameter less than ’ 1 nm, and then
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we will analyze in detail larger nanodiamonds. The theo-
retical results obtained for the energy gaps of hydro-
genated nanodiamond clusters as a function of size are
reported in Fig. 2. The picture shows both the energy
difference between the highest occupied molecular orbi-
tal (HOMO) and the lowest unoccupied (LUMO) as cal-
culated within GGA and energy gaps obtained using the
time-dependent formulation. The two methods show a
rapid decrease of the energy gap from a value of 8.9 eV
in methane to 4.3 eV in C87H76. This value is remarkably
close to that of the optical gap in bulk diamond (4.23 eV)
obtained using the same theory and the same numerical
approximations (e.g., energy cutoff) as those used for the
nanodiamond calculations. The computed bulk gap is
smaller than the experimental one (5.47 eV), due to
well-known errors of local density approximations which
usually underestimate band gaps in semiconductors and
insulators. However we expect trends of the optical gaps
as a function of size to be well reproduced within GGA,
as we found in the case of Si [11].

We note that similar to silicon clusters [20], the onset of
TDLDA spectra of hydrogenated diamond nanoparticles
FIG. 2 (color online). Energy gap versus diameter (nm) for
hydrogen passivated carbon nanoclusters, as obtained using
density functional theory (DFT). All the initial structures
were relaxed using the JEEP first principles molecular dynamics
code [16]. After performing DFT geometry optimizations, we
carried out calculations of single particle energy gaps (HOMO-
LUMO, triangles), and we then performed TDLDA calcula-
tions [15] using the ABINIT code[19] (circles). The dashed line
shows the bulk (indirect) GGA gap value. We note that for the
largest clusters (C87H76, C148H120, and C211H140) the GGA gap
value is indeed lower than the bulk value. This effect is caused
by the stress induced by the hydrogen atoms on the surface and
the subsequent carbon lattice relaxation.

037401-2
exhibits excitations of very low oscillator strength. The
energy of these excitations is close to the GGA gap, while
the first intense peak in the TDLDA spectrum is typically
0.5 eV higher in energy than the GGA gap. At 1 nm, the
difference between the TDLDA and GGA energy gaps is
about 0.1–0.2 eVand the energy gap of the nanoparticle is
very close to that of the bulk. This indicates that there
is no appreciable quantum confinement effect on the
optical gap of nanodiamond for sizes larger than 1–
1.2 nm, contrary to what is found in Si and Ge with the
same theoretical tools [11,12]. These findings were sub-
stantiated by performing quantum Monte Carlo (QMC)
calculations [21]. Our estimate for the QMC optical gap of
C66H64 together with the value reported in the literature
for CH4 [22] shows a much more rapid decrease in the
optical gap of diamond than in that of Si and Ge, as a
function of increasing nanoparticle size. At 0.8 nm the
nanodiamond gap is only �25% higher than the bulk
value and we estimate that the QMC nanodiamond gap
becomes very close to that of the bulk at ’ 2 nm.

Depending on preparation conditions, nanodiamonds
produced experimentally may not have an ideal diamond
surface saturated by hydrogen atoms, but rather exhibit
reconstructed surfaces. To investigate the effect of sur-
face reconstruction on hydrogenated nanoparticles, we
studied some representative cases, i.e., the 29, 66, 147,
211, and 275 carbon atom clusters. Starting from the
unrelaxed, fully hydrogenated geometries, we removed
pairs of hydrogens whose interatomic distances were
within 5% of the H2 bond length. All surfaces sponta-
neously reconstructed at low temperature but the recon-
struction induced small changes in the GGA gap values.

The results of our calculations, showing that quantum
confinement has no appreciable effect on the optical gap
of diamond clusters for diameter larger than 1 nm, are
consistent with the measured emission and absorption
spectra. The experiments were performed on samples of
4� 1 nm in size, which were heated and then cooled
several times to insure that no impurities be present.
Figure 3 shows the valence and conduction spectra of
diamond clusters, compared to those of bulk diamond
and graphite, as obtained using x-ray emission and ab-
sorption techniques, respectively. The nanodiamond
K-edge absorption and emission show the same basic
spectral features in bulk diamond and in the nanopar-
ticles. In particular, we did not observe any blueshift in
the position of nanodiamond conduction and valence
band edges, when compared to the bulk, contrary to a
recent experimental investigation [8]. The authors of
Ref. [8] reported a rather large conduction band shift in
diamond clusters grown by chemical vapor deposition.We
believe that in Ref. [8] the poor crystallinity (presence of
amorphous carbon) of the nanoparticles and a high
graphite content may be responsible for the deviation of
the nanoparticle spectra from that of bulk diamond.
The spectra reported in Fig. 3 also provide additional,
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FIG. 4. Details of the XAS spectra presented in Fig. 3, right
panel: the pre-edge signal of the 4 nm nanodiamond powder
spectra differs significantly from those of both diamond and
graphite (HOPG). The computed density of unoccupied states
(dashed line) of the 1 nm, fully reconstructed, C147 cluster is
shown for comparison. The energies were shifted to make the
C147-HOMO coincide with the bulk diamond valence band
maximum, and a Gaussian broadening of 0.25 eV was applied
to the computed spectrum. The pre-edge peaks are the signa-
ture of a mixture of pentagons and hexagons on the recon-
structed surface of the diamond core (see Fig. 5). The energy
differences between the 4 nm cluster experimental prepeaks
and the 1 nm cluster computed prepeaks are due to different
hexagon=pentagon ratios and to the GGA approximation.

FIG. 5 (color). Ball and stick representation of two bucky
diamond clusters: C147 and C275 ( ’ 1:2 and 1.4 nm in diameter,
respectively). These carbon clusters have a diamond core (yel-
low) and a fullerenelike reconstructed surface (red). Similar
reconstructions were found for 2 and 3 nm clusters and for
clusters as small as C66. The surface reconstructions obtained
by ab initio computer simulations give rise to pre-edge signa-
tures in the absorption spectra (see Fig. 4). Both the highest
occupied and lowest unoccupied states of bucky diamonds are
localized at the surface and interface between the diamond
core and the fullerenic surface.

FIG. 3 (color online). Emission (left panel) and absorption
(right panel) spectra of nanodiamond compared to bulk dia-
mond and highly oriented pyrolytic graphite (HOPG). The
energy scale of carbon x-ray-absorption spectroscopy (XAS)
spectra was calibrated to the � resonance of HOPG set to
285.38 eV. It is clear from these spectra that there is no blueshift
in the nanodiamond conduction band edge with respect to that
of bulk diamond. The electronic structure of the valence band
was monitored by soft x-ray fluorescence spectroscopy.

P H Y S I C A L R E V I E W L E T T E R S week ending
24 JANUARY 2003VOLUME 90, NUMBER 3
interesting information. The core exciton feature clearly
observed in the K-edge absorption of bulk diamond is
broadened in the nanodiamond spectra. This may be due
to a decrease in lifetime of the core-hole excitation due to
confinement of the electron and core hole in the small
diamond nanoparticles. We also note that the depth of the
secondary gap at 303 eV is shallower in the nanodiamond
spectra than in the bulk. This effect has been previously
observed and attributed to decreasing diamond crystallite
size [23].

Finally we note the presence of pre-edge features in
the x-ray absorption spectrum of nanodiamond, which
are absent in bulk diamond and graphite (see Fig. 4). Even
though � transitions are not present in bulk diamond
(contrary to graphite), one observes a small amount
of � excitations in the bulk spectra due to unoccupied �
bands at the diamond (111) surface. A similar feature is
also observed in the nanodiamond spectra. However the
pre-edge feature at 286.7 eV is not observed in the bulk.
This cannot be associated to a hydrogen terminated dia-
mond surface since it persisted after the sample was
annealed above the hydrogen desorption temperature.
Indeed, we found that this peak can be attributed to a
fullerenelike surface reconstruction occurring in nonhy-
drogenated nanoparticles, as we discuss below.

We studied in detail the surface reconstruction of non-
hydrogenated clusters of 1.4, 2, and 3.0 nm, using
quantum simulations. We could use ab initio GGA calcu-
lations for the smaller cluster size but we had to resort to
semiempirical tight-binding (TB) Hamiltonians [24] in
the latter cases, since the number of atoms is too large
to be efficiently handled from first principles. Figure 5
037401-3
shows our results for the surface reconstruction of 147
(’ 1:2 nm) and 275 (’ 1:4 nm) carbon clusters. Starting
from ideally terminated diamond particles, the recon-
struction occurs spontaneously at low temperature in
our ab initio simulations [18]. First we observed a
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graphitization of the first atomic layer of the (111)
facets, followed by the formation of pentagons linking
the graphene fragments with the underneath atoms. This
provided further curvature to the surface which eventu-
ally adopted a geometrical arrangement very similar to
that of half a C60 molecule. Our TB simulations show
similar surface reconstructions for 2 and 3 nm clusters
(705 and 2425 atoms, respectively) [25].

These reconstructions induce an effective tensile stress
acting on the core of the nanocluster: this effect is at
variance with the one found in Si and Ge dots where
surface reconstruction is very different from the one
found here and it induces an effective compression on
the nanoparticle core [26]. We note that the barrier be-
tween the ideal surface structure and the reconstructed
surface is size dependent and increases as the size of the
nanoparticle is increased, to become of the order of
several tens of eV, as found in bulk diamond [27]. The
comparison between our ab initio calculations and the
measured spectra indicates that the surface reconstruc-
tion of nanodiamond which we have identified by com-
puter simulations is responsible for the features observed
in absorption spectra (Fig. 4).

These findings point at the existence of a new family of
carbon clusters, bucky diamonds, i.e., carbon nanopar-
ticles with a diamond core of a few nm and a fullerenelike
surface structure. We expect these novel carbon nano-
particles to be present not only in carbonaceus residues
of detonation but also as inclusions of diamondlike films
and in meteorites. Work is underway to investigate the
high stability of �1:5 nm nanodiamond particles found
in meteorites, which are most likely bucky diamonds with
first-row impurities at the surface, e.g., nitrogen.
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