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ABSTRACT: The common opinion that diamond is the stiffest material is disproved
by a number of experimental studies where the fabrication of carbon materials based on
polymerized fullerenes with outstanding mechanical stiffness was reported. Here we
investigated the nature of this unusual effect. We present a model constituted of
compressed polymerized fullerite clusters implemented in a diamond matrix with bulk
modulus By much higher than that of diamond. The calculated B, value depends on the
sizes of both fullerite grain and diamond environment and shows close correspondence
with measured data. Additionally, we provide results of experimental study of atomic
structure and mechanical properties of ultrahard carbon material supported the

presented model.

he leading position of diamond as the hardest material

was challenged by a number of experimental results where
synthesis of amorphous carbon with superior mechanical
properties was reported.”> The measurements have shown
that obtained material displayed a disordered structure and
consisted of the polymerized Cg, fullerenes with hardness and
bulk modulus significantly exceeding the corresponding
characteristics of diamond. These results were unusual because
it is well-known that polymerized fullerite displays low stiffness,
which was clearly shown in various theoretical studies.>””

An obtained sample of ultrahard carbon scratched the (111)
surface of diamond, which is the hardest diamond surface (the
hardness is 167 + 5 GPa®). Depending on the synthesis
conditions, the bulk modulus of such material varied from 540
to 1700 GPa, and the hardness varied from 150 to 300 GPa.?
For comparison, the bulk modulus of a single-crystal diamond
equals 442 GPa.’

The discrepancy between theory and experiment suggests the
specific mechanism of the fullerite stiffening during its
polymerization. The theoretical analysis made by Chernoza-
tonskii et al.'® showed that the model of a new three-
dimensional polymerized fullerite corresponded with the
experimental data by X-ray diffraction® and should have
lower lattice parameter than the relaxed structure. Nevertheless,
this data allows one to conclude that the increasing rigidity of a
polymerized fullerite is originated from the mechanical strain
induced by the surrounding carbon material.
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In the present paper, we report the model consisting of the
compressed polymerized fullerite clusters embedded in a
diamond matrix. We investigated in detail the atomic structure
of such carbon nanocomposite and compared it with our
experimental data. We calculated the bulk modulus of the
proposed structure depending on the sizes of both fullerite
grain and diamond environment and showed its close
correspondence with the measured bulk modulus of ultrahard
fullerite. We explained the nature of ultra-incompressibility of
this unique material by analysis of its atomic structure and
distribution of atom-projected bulk moduli.

We investigated the effect of stiffening of polymerized
fullerenes by considering the model of a compressed fullerite
grain embedded in a single-crystal diamond matrix as shown in
Figure la. After geometry optimization, the resulting structure
of nanocomposite is under normal pressure conditions but with
the compressed grain, the dilatation of which is prevented by
surrounded diamond matrix.

In this work, we characterized the mechanical properties of
the considered structures by investigation of their bulk moduli
B,. The bulk modulus describes the ability of an object to
change its volume under the influence of uniform hydrostatic
compression. To obtain the energy versus volume curve
required for bulk modulus calculations, each considered
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Figure 1. (a) The atomic structure of the proposed model of ultrastiff
carbon nanocomposite; (b) strain energy of nanocomposite and its
component parts (fullerite grain, diamond matrix) depending on unit

volume. In the inset, the dependence

of bulk modulus (B,) of

polymerized fullerite on the uniform strain (&) is presented.

structure was hydrostatically compressed and expanded; at each
step, the optimization of geometry was carried out. Based on

the calculated data, the energy of e

ach investigated structure

depending on the unit volume was evaluated, and the bulk
modulus of all considered structures was found by the method
of approximation using the Murnaghan equation.11

We considered the model of fullerite proposed by O’Keeffe'>
made by (6 + 6) cycloaddition process, which led to the
formation of the whole sp*-hybridized structure. It can be
speculated that O’Keeffe’s polymerized fullerite structure can be
formed from the previously considered fullerene polymer'
(which corresponded well with the X-ray diffraction data). The
latter structure has orthorhombic symmetry in which fullerenes
connect with each other by (2 + 2) cycloaddition. The growing
pressure can lead to changing of (2 + 2) to (3 + 3) and further
to (6 + 6) cycloaddition by reconstruction of connected
hexagonal rings.

O’Keefte’s model displays a relatively high bulk modulus
(369.7 GPa*) with respect to other polymerized fullerite
models,**” which nevertheless is lower than diamond B,
However, compression of the material leads to its stiffening
represented by an increase in the sound velocities values with
increasing pressure.”’> We calculated the dependence of bulk
modulus of polymerized fullerite on the uniform strain (see
Figure 1b, inset). We found that B, of the structure varies from
120 to 2450 GPa in the deformation range from 20% to —40%
due to the anharmonic terms inclusion to the linear elastic
constant.

The localized character of C—C bonds in the structure allows
us to decompose the strain energy of the total nanocomposite
to the strain energies of the component parts (fullerite grain,
diamond matrix), and their dependences on the corresponding
unit volumes are presented in Figure 1b. At the equilibrium
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Figure 2. A high-resolution image (a) and a Fourier transformation (b) of elements of the combined amorphous—crystalline structure in the
ultrahard fullerite sample, fragment of EELS spectrum (c), where the region marked by a circle indicates that fullerenes maintain its atomic structure
in the material; (d) dependencies of the relative Raman pressure-induced shifts (w—w,)/®, against the relative diamond Raman pressure-induced
shift of the centroid (determined by a singlet and a doublet modes of the stressed diamond anvil).
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state of nanocomposite (dark vertical line in Figure 1b), the
fullerite grain is in compressed and therefore stiffened state.
According to this, the main feature of the proposed model of
ultrastiff carbon nanocomposite is that fullerite grains are
hydrostatically compressed and then incorporated into a
diamond matrix, which could be formed under the specific
conditions of a 12—14 GPa pressure and a ~1400 K
temperature from Cg, fullerite treatment.'* The surrounding
diamond prevents relaxation of the stressed grain and the
resulting relaxed nanocomposite consists of strained but
mutually balanced parts. Such compression will lead to an
increase in the density of the grain from 3.06 g/cm3
(uncompressed fullerite) to 4.98 g/cm’® (compression of
40%), while the density of diamond is 3.55 g/cm’. Keeping
in mind the strong dependence of B, on the compression of
fullerite (Figure 1b), it can be concluded that the bulk modulus
value of the resulting nanocomposite can exceed the bulk
modulus of a single-crystal diamond.

The theoretical model correlates well with obtained
experimental data. In general, the structure of ultrahard fullerite
samples can be represented as a combined amorphous—
crystalline® and depends on the pressure—temperature syn-
thesis conditions. In particular, at temperatures below 1300 K
the crystalline structure according to a TEM study shows a
sequence of FCC-phases explained by a bonded Cg, chains
formation. We would mention here that the range of the bulk
modulus from 540 to 1700 GPa is attributed to the different
sets of structures of the fullerite.

We observed the perturbed cubic structures with the
interplane distance d;;; = 0.32—0.34 nm, which means the
lattice parameter is close to gy = 0.59 nm. In addition to the
above fragments, a TEM study shows the presence of elements
of the combined amorphous—crystalline structure in the
sample. An example of the particular element is given in Figure
2 where a fragment of a crystal structure in the amorphous
matrix and the corresponding Fourier transformation are shown
in Figure 2a,b, respectively. Also, the fragment of EELS spectra
near the K-edge of carbon is shown in Figure 2c. One of the
most characteristic peaks that correspond to the fullerene
molecules is highlighted by a circle. Reflexes from Figure 2b
correspond to the series of fringes that are clearly seen in Figure
2a. The interplanar distance of the fullerite crystalline is d;;; =
0.79 nm, which corresponds to a slightly disturbed Ilattice
parameter of Cg, (a5 ~ 1.36 nm).

For the present study, we selected the ultrahard fullerite
obtained under conditions that permit the in situ control of
fullerite transformations during the synthesis. The ultrahard
fullerite was synthesized at a pressure above 18 GPa at room
temperature under conditions of a large shear deformation
using diamond anvil cell. We loaded the sample of Cq, to an
18—19 GPa pressure. After applying of shear deformation, an
effect of pressure self-multiplication® (due to the elastic moduli
jump) is observed. As a result, the pressure in the sample
increased to 25—30 GPa. The Raman spectra of ultrahard
fullerite are composed of two broad bands around 1550 cm™
(a result of broadening and overlapping of the Cg, tangential
modes) and around 500 cm™' (a result of broadening and
overlapping of the Cy, intermediate modes). The bulk modulus
was calculated from the dependency of the tangential Raman
mode of ultrahard fullerite on the pressure following the
procedure described in ref 8 using the relation
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where y; is the Gruneisen parameter for a quasiharmonic mode
of frequency ®; (w, marks one at a zero pressure).

According to the procedure,' the dependencies are replotted
in coordinates of relative Raman pressure-induced shifts (@ —
@,)/w, (here w is the mode frequency of the sample under
pressure, @, is the mode at ambient conditions) against the
relative diamond Raman pressure-induced shift of the centroid
(determined by a singlet and a doublet mode of the stressed
diamond anvil in the diamond pressure scale procedure'®).
Using relation 1, we obtain the bulk modulus of the sample in
relation to the bulk modulus of diamond from a dependence
slope in the relative coordinates (see Figure 2d). The resulted
bulk modulus calculated by this procedure is around 585 GPa
in exact agreement to our previous results,® where the ultrahard
fullerite sample ploughed a diamond anvil during the sample
rotation, which is only possible in the case when the hardness
of the sample ploughing a diamond exceeds the diamond
hardness.

We studied the elastic properties of the proposed nano-
composites model with different sizes of grains and thicknesses
of the surrounding diamond matrix shell. Grain sizes change
from 1 X 1 X 1 (0.95 nm) to 4 X 4 X 4 (3.61 nm) fullerite
supercells, while the thickness of a diamond shell varies from
0.70 to 4.70 nm (see the example of the 2 X 2 X 2 fullerite
supercell embedded in the diamond shell with a 1.42 nm
thickness presented in Figure la). The maximum size of the
grain in the model corresponds with the observed size of ~6
nm of the experimental superhard sample (Figure 2a).

For the estimation of the compression rate at which the
stiffness of the nanocomposite is maximal, we investigated the
nanocomposite with a fullerene grain consisting of a 4 X 4 X 4
(3.61 nm) fullerite supercell with a 1.05 nm thickness of a
diamond matrix shell in a wide compression range from 0% to
45% corresponding to the compression of 0 and 108 GPa,
respectively. It was found (Figure 3a) that the bulk modulus
increases from 345 GPa (0% compression, 0 GPa) to 1450 GPa
(27% compression, 56 GPa), and then drops due to the
collapsing and losing their intrinsic regular atomic structure
(Figure 3b). The critical pressure of amorphization of a fullerite
grain corresponds well with the reference data for breaking of a
fullerite polymer at the pressure exceeding 40 GPa.'” We can
conclude that at the compression of 27% for this pressure, the
stiffest nanocomposite can be formed. In the interface between
the fullerite grain and the diamond matrix, a thin layer of sp®
amorphous carbon with bond lengths from 1.32 to 1.56 A was
formed.

Further, we investigated the dependence of the bulk modulus
of the nanocomposite on the diamond matrix shell thickness for
the different fullerite grain sizes (Figure 3b) with this value of
compression. In the case of the above-considered structure (a 4
X 4 X 4 fullerite supercell, 3.61 nm) the bulk modulus
augmentation rate is the highest in the calculated dependences
(red curve), the structures with smaller grains display lower B,
values. The nanocomposite with a 4 X 4 X 4 fullerite supercell
grain size displays a gradual dependence of the bulk modulus
on the thickness of the diamond matrix shell. The bulk
modulus rises from 1100 + 174.61 GPa at the 0.70 nm
thickness of the diamond layer and reaches a plateau where the
highest value of bulk modulus is 1712.12 & 255.98 GPa until
the diamond layer thickness approaches 3.24 nm.
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Figure 3. (a) The bulk modulus of a nanocomposite containing 4 X 4
X 4 O’Keeffe fullerite supercell grain (3.61 nm) surrounded by a
diamond matrix with a 1.05 nm thickness depending on the amount of
fullerite compression. At the right panel, the color distributions of
bond length for a fullerene unit of the fullerite grain for different
compression rates are shown; (b) the dependence of bulk modulus of
a carbon nanocomposite on the thickness of a diamond matrix
between the fullerite grains compressed at 27% where the grain sizes
equal to (i) 0.95 nm (blue), (ii) 1.82 nm (green), (iii) 2.74 nm (dark
blue), and (iv) 3.61 nm (red). The range of experimental values of the
bulk modulus from 540 to 1700 GPa™" is denoted by orange.

Similar behavior is observed for the cases of nanocomposites
with a grain size of a 3 X 3 X 3 fullerite supercell (2.74 nm, dark
blue) where the value of the bulk modulus reaches plateau at

+

1198.6 + 123.88 GPa until the diamond layer thickness
approaches 2.88 nm.

Carbon nanocomposite with the grain size of 2 X 2 X 2
fullerite supercell (1.82 nm) still displays an increased bulk
modulus exceeding the diamond value (green). When the
diamond matrix shell thickness lies within a range from 1.0S to
2.15 nm, the bulk modulus reaches a plateau at a value of 871.6
+ 61.6 GPa. Further increase of the diamond matrix thickness
leads to a smooth reduction of bulk modulus.

The bulk modulus of the structure with the smallest grain (a
fullerite unit cell, 0.95 nm) does not display a pronounced
dependence on the thickness of a diamond matrix shell and
oscillates around the diamond bulk modulus value (457 GPa).
Thus, the unit cell of a fullerite grain (Figure 3b) gives only
small perturbations within the error, despite of the fact that the
fullerite grain is in a compressed state. Therefore, a separate Cy
fullerene in the diamond matrix can be considered only as a 0D
defect in the system which does not affect the mechanical
characteristics of the whole material.

Also, we found that the increasing size of the fullerite
supercell in the grain (more than 4 X 4 X 4) would not lead to
a further rising of the bulk modulus due to the decreasing
impact of the size effects, and the bulk modulus became
practically equal to the B, of bulk fullerite under the same strain
(in the inset of Figure 1b marked by vertical dotted line). Thus,
the calculated bulk modulus of the nanocomposite with the
fullerite grains compressed at 27% depending on the grain size
(0.95, 1.82, 2.74, 3.61 and 4.55 nm) displays a great
augmentation of bulk modulus compared to a single-crystal
diamond. Note that the obtained au%mented B, values is
located in the experimental data range™” marked by orange in
Figure 3a,b.

In the next part of the paper, we explain the ultrastiff nature
of the studied structures. To understand the origin of such
effect, we computed a bond length color distribution in the
proposed fullerite models as shown in Figure 4a. The fullerite
grains are constrained by a diamond matrix which prevents the
restoration of the initial relaxed state and promotes the
preservation of the compressed state with higher mechanical
characteristics. A highly compressed fullerite grain has
shortened bonds compared to the diamond matrix. The
relatively short bonds will lead to higher stiffness of the grain
due to the compression which leads to augmentation of
stiffness of the whole nanocomposite.
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Figure 4. (a) Color distribution of bond lengths from 0.135 nm (red color) to 0.158 nm (white color). (b) A map of atom-projected bulk moduli of
the nanocomposite with a 1.82 nm grain size and a diamond matrix thickness of 4.7 nm.
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For a more detailed investigation of the influence of local
rigidity of the grains compared to the diamond matrix, the
concept of atomic bulk modulus developed by Kleovoulou et
al."® was applied. Such approach was used in further theoretical
work'® where the investigation of local rigidity in silicon
nanocrystals was performed. The validity of this approach
application for the proposed fullerite-based nanocomposites is
justified by the localized character of C—C bonds. It allows
associating the individual stiffness constant and more or less
isotropy of the diamond environment at the local level with
every bond. The total energy of the system was decomposed
into atomic energies E, = XZi, ¢ according to the applied
approach. The local bulk modulus of each atom shows the
contribution of a certain atom to the total rigidity of the
nanocomposite and can be defined as

B =V d’e

by @
where V; is the Wigner—Seitz atomic volume, ¢, is the energy of
each atom in the nanocomposite. Using the values of Bj, the
total bulk modulus B, of the nanocomposite could be found as
the normalized sums over the atomic bulk moduli.

We computed a map of atom-projected bulk moduli of the
nanocomposite with a grain size of 2 X 2 X 2 fullerite supercell
(1.82 nm) and the diamond matrix thickness of 4.7 nm, which
displays a bulk modulus of 770.5 + 86.6 GPa, as shown in
Figure 4b. It can be seen in Figure 4b that the compressed
fullerite grain exhibits a significantly higher bulk modulus
marked by red compared to the diamond region marked by
blue, which is almost homogeneous and displays the value close
to the value of bulk diamond. Inhomogeneous color
distribution of the grain region shows that there are parts of
fullerite grain (close to the fullerite-diamond interface), which
are significantly distorted by the compression. Such regions
exhibit high values of bulk modulus, 2 times higher than the
bulk modulus of diamond. High values of bulk modulus in the
center of the nanocomposite are consistent with the
distribution of interatomic bonds shown in Figure 4a; the
compressed region corresponds to the more rigid region and
vice versa. The obtained results and the computed map of
atom-projected bulk moduli of the nanocomposite allow the
conclusion that ultra-incompressibility is originated from the
mechanical stresses caused by the fullerite grain compression.
The extremely high bulk modulus of the central region
promotes the augmentation of mechanical characteristics of
the whole nanocomposite.

We proposed a model of a fullerite-based nanocomposite
where the compressed fullerite grain is incorporated into a
diamond matrix, which is consistent with the experimentally
obtained ultrahard amorphous carbon. The atomic structure of
such complicated systems was investigated in details. The bulk
modulus of the nanocomposites depending on the thickness of
a diamond matrix between the fullerite grains and on the grain
sizes was determined. We observed a great augmentation of the
bulk modulus from 590.45 to 1712.12 GPa, which is in a good
agreement with experimental data. We plotted the distribution
of the interatomic bond lengths to show that the fullerite grain
in the nanocomposite is compressed, which leads to an increase
in the grain rigidity compared to the diamond environment. To
confirm such fact, a map of atom-projected bulk moduli of the
nanocomposite with a 1.82 nm grain size and a 4.7 nm
diamond matrix thickness was computed. The calculated map
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shows that the key to ultra-incompressibility lies in the
compressed fullerite grain displaying enhanced bulk modulus
(twice bigger!) with respect to bulk diamond.

For a theoretical study of the atomic structure and
mechanical properties of the proposed models of the carbon
nanocomposite, the empirical many-body Brenner potential®®
was used (implemented into a LAMMPS package*') which
allows the consideration of systems consisting from thousands
to millions of atoms. The undoubted advantage of this method
is the possibility of modeling a large system with sufficiently
high calculating speed. To achieve a better relaxation of the
structure, the simulation of annealing at temperature decreasing
from 500 to 10 K was applied, while the maximum interatomic
forces became less or equal to 0.05 eV/A. To evaluate the
accuracy of the chosen approach, the cell parameters and elastic
properties of bulk diamond and bulk O’Keeffe’s fullerite'* were
calculated. Whereas potential parametrization allows one to
predict the structural parameters of bulk diamond with an error
less than 0.3% (compared to the experimental data taken from
ref 22.: ag = 3.557 A, Qeyp = 3.568 A) the cell parameter of
bulk O'Keeffe fullerite also can be estimated with very good
accuracy (compared to the density functional theory (DFT)
data taken from ref 7.: a. = 9.77 A, appr = 9.73 A). The bulk
modulus of diamond was determined as B, = 457 GPa which
corresponds well with the experimental values of 445 GPa® and
442 GPa’ The estimated bulk modulus value of O’Keeffe
fullerite equaled 326.6 GPa compared to the theoretical
reference data of 369.7 GPa.* To evaluate the value of bulk
modulus of considered nanocomposites, we performed five
computational tests for each structure.

High-pressure experiments were performed using a shear
diamond anvil cell (SDAC). The samples were loaded in a steel
gasket without a pressure medium. In a SDAC, a controlled
shear deformation is applied to the sample under load by
rotation of one of the anvils around the anvil's symmetry axis.®
The pressure (more precisely, a normal stress component in
the sample) was measured from the stress-induced shifts of
Raman spectra from the diamond anvil.'® The purity of Cg,
fullerenes used in the study was better than 99.9%. The Raman
spectra were recorded with a TRIAX 552 (Jobin Yvon)
spectrometer equipped with a CCD Spec-10, 2KBUV Prince-
ton Instruments 2048 X S$12 detector and razor edge filters. A
transmission electron microscope (TEM) study was done by a
JEM 2010 high-resolution microscope.
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