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ARTICLE INFO ABSTRACT

Based on experimental and theoretical studies, the 607 GPa bulk modulus of nanodiamond 2-5nm was de-
termined, which significantly exceeds the bulk modulus of diamond crystal (443 GPa) and approaches the values
typical of ultrahard fullerite (600-1000 GPa). Bulk modulus of nanodiamond 2-5nm was experimentally
measured by piezospectroscopy using a diamond anvil cell with anvils made of synthetic diamond with a high
(~60%) 13C isotope content. The Raman frequency in such diamond is at 1306 cm ! and does not interfere with
the recording of a peak at 1325 cm ™! of nanodiamond 2-5nm. The bulk compression modulus was calculated
from the dependence of the displacement of two Raman bands at 1325 cm ™~ and 1600 cm ™" (the latter does not
apply to sp? bonds) of nanodiamond 2-5nm on pressure up to 68 GPa. Simulation of nanodiamond 1.2-5.9 nm
confirms experimental results and also predicts the rise of bulk modulus with a decrease of nanoparticles size.
Analysis of simulated structures suggests a possible explanation of observed effect due to increasing contribution
of surficial compressed bonds when nanoparticles size reduces.
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1. Introduction

The problem of creating materials that exceed the mechanical
properties of diamond is widely discussed [1] (and references therein),
starting with the calculation of bulk compression modulus of a single
fullerene molecule (903 GPa) and a hypothetical material formed by
Ceo (668 GPa) [2,3], and the subsequent discovery of ultrahard full-
erite, [4] which has an even higher bulk compression modulus (from
500 to 1000 GPa, depending on the structure and synthesis conditions)
[5].

One of the problems with the explanation of specific properties of
such materials is that they lack the translational order at distances
greater than 1-2nm [5]. Cgo cluster is a molecule with icosahedral
symmetry which is not compatible with translational symmetry and
there are no associated crystallographic point or space groups. Conse-
quently, a long-term periodicity of a high-density crystal lattice (for
example, hep or fee) could not be possible for the covalently bonded Cgo
molecules in three dimensions (3D Cgo). At the same time, theoretical
calculations for hypothetical unbounded crystal structures of 3D Cgo
show bulk compression moduli lower than diamond [6,7] (and refer-
ences therein). Reducing the size of the 3D Cgo clusters to 1-2nm

(surrounded by a 1-3nm diamond matrix) allows one to obtain a de-
signed bulk modulus above 1000 GPa [1].

Another feature of ultrahard fullerite is the presence of 70% sp>
bonds, according to X-ray photoelectron spectroscopy (XPS) [8]. Thus,
from the viewpoint of creating materials that surpass diamond in me-
chanical properties, it is interesting to trace how the properties of
diamond change as the grain size decreases. We should highlight the
following feature of diamond. At temperatures below ~1000-1300 K
(below the Debye temperature), dislocation plasticity is practically
absent in diamond [9], and diamond is one of the few materials whose
strength is equal to the 55 GPa theoretical yield limit [9,5]. For com-
parison, in germanium and silicon, theoretical yield limit can hardly be
achieved despite the absence of dislocation plasticity at temperatures
below the Debye temperature. The fact is that a phase transition already
begins in these materials at stresses lower than the theoretical yield
limit (which, in turn, is the mechanism of plastic deformation) [9].
Diamond is unique in the context of its theoretical yield limit being
simultaneously equal to the experimental value of its yield limit [5],
shear stress at which the diamond lattice loses stability and the phase
transition begins [10] and also equal to the stress at which dislocation
movement begins [9]. Consequently, the strength (and, respectively,
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hardness) of diamond is determined by its elastic modulus.

As a result, the Hall-Petch effect is absent in diamond (an increase in
strength with decreasing grain size, which is typical for materials with
dislocation plasticity) with grain sizes larger than 5nm. Indeed, a dia-
mond indenter leaves indents on nanocrystalline samples [11,12,13,14]
which is direct evidence that the indenter material hardness (diamond
single crystal) is higher than the hardness of the tested sample (poly-
crystalline diamond with a grain size larger than 10-20nm). For
comparison, the Knoop diamond indenter does not scratch [15] even
the softest (100) diamond face (albeit in the “hardest” [110] direction
on this face) of a nitrogen-free diamond. Only an indenter made of
ultra-hard fullerite can make indents on all faces, including the hardest
(111) face, in a diamond crystal [5,16].

A decrease in the grain size below 5nm leads to a significant in-
crease in the diamond bulk modulus B, from 443 GPa (bulk crystal) to
564 GPa (nanoparticle) [17]. In Ref. [17] it was shown that the Raman
spectra of 2-5nm nanodiamonds are characterized by bands at
1325cm ™! and 1600 cm ! (the latter, as shown in [17] does not apply
to sp> bonds) and 1500 cm~ ! (which shifts to 1630 cm ™' when chan-
ging 458 nm laser excitation to 257 nm). The diamond nanoparticles
bulk modulus was measured by piezospectroscopy using the 1600 cm ~*
band displacement under pressure up to 50 GPa implementing a dia-
mond anvil cell (DAC) [17]. Due to the high bulk modulus, the band at
1325 cm ! is hidden by the Raman spectrum of the diamond anvil. The
point is that the singlet mode w; of the stressed anvil tip depends on the
pressure in the sample P as dws/0P = 2.24 cm ™ 1/GPa [18]. Raman
band w = 1333 cm ™! of a single-crystal diamond shifts under pressure
as 0w/0P = 2.90 cm ™~ '/GPa (above ~50 GPa, the dependence notice-
ably deviates from the linear). Therefore, one can observe the Raman
spectrum of a single-crystal diamond compressed in a DAC using a
hydrostatic pressure-transmitting medium. In accordance with the
value of By = 564 GPa for diamond nanoparticles, the o = 1325cm ™!
band dependence on the pressure should be dw/dP = 2.2cm™'/GPa,
® = 1325cm ™, i.e. it will always be hidden by the Raman spectrum of
the diamond anvil, in contrast with a single-crystal diamond [17].

Since the reason for the appearance of the 1600 cm ™' band in
diamond nanoparticles has not been precisely determined yet, the de-
finition of the modulus B, only from the displacement of this band is not
fully correct. Therefore, in an experimental study of the bulk com-
pression modulus of diamond nanoparticles by piezospectroscopy, we
used diamond anvils made of synthetic diamond with a high (~60%)
13C isotope content. The Raman frequency shift in such a diamond is
1306 cm ! and does not interfere with the recording of a 1325 cm ™ *
peak characteristic for nanodiamonds. We also carried out a simulation
of diamond nanoparticles in 1.2-5.9 nm size region. Experimental and
simulation data showed that the bulk modulus of diamond nano-
particles sufficiently exceeds bulk modulus of diamond crystal.

2. Experimental and theoretical methods

We used a DAC for the high-pressure study. Experimental anvils in
the DAC were made of Ila synthetic diamonds with a high *3C isotope
content. Diamonds were grown under high pressure and temperature
conditions using a temperature gradient method at the Technological
Institute for Superhard and Novel Carbon Materials, Troitsk, Moscow,
Russian Federation. The Raman frequency of the grown diamonds is
1306 cm ™~ !, which corresponds to a content of approximately ~60% of
the '3C isotope [19].

As diamond nanoparticles, we used a detonation 2-5nm diamond
produced by the SINTA company (Republic of Belarus). According to a
procedure described in Ref. [17], the nanodiamond was treated in a
planetary mill with a mixture of 25 wt% of NaCl for removing the rest of
the contamination layers. A mixture of diamond nanoparticles and NaCl
(which in this case plays the role of a hydrostatic pressure-transmitting
medium) was loaded into a prepared hole in a tungsten gasket. Trans-
mission electron microscope (TEM) study was done by a JEM 2010
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high-resolution microscope (JEOL Ltd., Tokyo, Japan). During pre-
paration of the sample for TEM study, NaCl was removed by a solution
in a mixture of water and ethanol.

The Raman spectra were recorded with a TRIAX 552 (Jobin Yvon
Inc., Edison, NJ) spectrometer, equipped with a CCD Spec-10, 2KBUV
Princeton Instruments 2048 X 512 detector and razor edge filters (ex-
citation wavelength was 405nm) and a Renishaw inVia Raman mi-
croscope (excitation wavelength 532 nm).

The pressure was measured both on the ruby pressure scale [20] and
from the stress-induced shifts of the Raman spectra from the diamond
anvil [18]. Since we used diamond anvils made of synthetic diamond
with a high content of '3C isotope, we performed an additional cali-
bration of the diamond pressure scale using the technique described in
Ref. [18] to a pressure of 60 GPa. In contrast to the natural isotopic
composition (~99% of 120), the singlet mode w; of the stressed dia-
mond (~60% of *3C) anvil tip depends on the pressure in the sample P
as dwg/0P = 1.66( = 0.05) cm ™~ '/GPa within measurement accuracy.
For the anvil with natural isotopic composition, Jdws/
oP = 2.24( * 0.05) cm~'/GPa.

X-ray Photoelectron Spectroscopy (XPS) measurements were per-
formed on a PHI 5000 VersaProbe II spectrometer with a monochro-
matic focused AlKa radiation (hv = 1486.6 eV) operated at 50 W. A
dual beam charge compensation system was used to provide neu-
tralization of charge at the sample surface. The analysis was carried out
on the raw surface of the samples and after Ar* 2keV ion irradiation
during 5min (9 nm/min sputter rate, determined for SiO, film) per-
formed to remove the adsorbed contaminants.

For a theoretical study of the atomic structure and mechanical
properties of the proposed models of nanodiamonds, modified Tersoff
potential [21] was used (implemented into a LAMMPS package [22])
which allows 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 a sufficiently high calcu-
lating speed. To evaluate the accuracy of the chosen approach, the cell
parameters and elastic properties of bulk diamond were calculated.
Modified Tersoff potential allows to predict the structural parameters of
bulk diamond with an error less than 0.1% (compared to the experi-
mental data taken from Ref. [23]: arersort = 3.565 ;\, Aeyp = 3.568 A).
The bulk modulus of diamond was determined as B,T™° = 445 GPa
which corresponds well with the experimental values of 445 GPa [5]
and 442 GPa [24].

3. Results and discussion

Raman spectra of the diamond nanoparticles loaded at different
pressures in a DAC with anvils of ~60% 3C are shown in Fig. 1. For
comparison, Fig. 1 provides the Raman spectrum of diamond nano-
particles loaded to a pressure of 51 GPa in a DAC with anvils of ~99%
12C. The Raman spectra of the ~99% '2C anvil completely hide the
1325 cm ! line of diamond nanoparticles Raman spectra (which shifts
to 1442 cm ™! under pressure of 51 GPa). The Raman line of a hydro-
statically loaded “bulk” diamond under a pressure of 51 GPa would be
located at a frequency of ~1481 cm ! [25].

Raman spectra presented in Fig. 2 with the exception of the spec-
trum at 56 GPa were recorded with the 405 nm excitation wavelength;
the spectrum at 56 GPa was recorded with the 532 nm excitation wa-
velength. When Raman spectra were excited by a 405nm laser, the
luminescence level was significantly lower than when excited at
532nm.

Fig. 2 illustrates, for comparison, the Raman spectra taken from the
gasket and from the sample at a pressure of 26 GPa. Since the
1325 cm ™! line of diamond nanoparticles is fairly close to the Raman
spectrum of the ~60% '3C diamond anvil (under pressure of 26 GPa,
their position is 1381 and 1349 cm™?, respectively), at pressures below
40 GPa this line is seen as a shoulder to a more intense line from the
anvil. However, when normalizing the spectrum of the sample to the
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Fig. 1. Raman spectrum of diamond nanoparticles loaded at different pressures
in a DAC with anvils of ~60% of *3C (the lower spectrum). For comparison, the
Raman spectrum of diamond nanoparticles loaded to a pressure of 51 GPa in a
DAC with anvils of ~99% of '2C is shown. Raman spectra of the ~99% '2C anvil
completely hide the 1325cm ™! line of Raman spectra of diamond nano-
particles.

Sample 26 GPa

Gasket 26 GPa

Intensity (arb. units)

Normalized spectra 26 GPa

1600
Raman shift (cm™)

1400

Fig. 2. Raman spectra taken from the gasket and from the sample at a 26 GPa
pressure, and normalized spectra of the sample.

spectrum taken from the gasket (by subtracting the latter from the
former), the Raman band of diamond nanoparticles is well resolved
(normalized spectra, Fig. 2).

Raman spectra of the sample (diamond nanoparticles which mixed
with NaCl) after the pressure treatment did not change (Fig. 3) even
after an irradiation under pressure of 66 GPa by a 15 mW laser beam
with a 532 nm wavelength focused to a 1-2 um spot in steps of 2 pm for
100s in each position exactly as in Ref. [26,27]. This is an essential
feature of diamond nanoparticles which shows stability under pressure
above 55 GPa contrary to nanodiamond 25 nm. Indeed, nanodiamond
25nm transforms into onion-type structures in the pressure range
55-115 GPa under the laser irradiation during Raman spectra acquisi-
tion [26,27]. Accordingly, diamond Raman band disappears at pressure
55GPa and D and G bands of amorphous carbon are observed in the
sample upon pressure release [26,27]. Along this nanodiamond 25 nm
is characterized by a typical for diamond bulk modulus 443 GPa [17].

TEM study of diamond nanoparticles before (Fig. 4a) and after
(Fig. 4b) the pressure (66 GPa) treatment shows no changes in a
structure as well as the Raman study.
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After pressure 66 GPa

Intensity, arb. units

Before pressure treatment
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Fig. 3. Raman spectra before (bottom) and after pressure treatment (upper).
The excitation wavelength is 405 nm.

According to the dependence of the Raman lines on pressure, one
can determine the bulk modulus taking into account the known relation
[28].

_Olnw; _ &%
W= 5my T @, op

@

Here v; is the Gruneisen parameter for a quasiharmonic mode of fre-
quency w; (wo marks the one at zero pressure, By is bulk modulus). In
general, v = 1 for covalently bonding group IV semiconductors [28],
and in particular y = 0.96 for diamond [25].

Fig. 5 presents the experimental data on the relative Raman shift (w-
wo)/wo (relative frequency) for diamond nanoparticles with
o = 1325cm ™! (marked with triangles) and with wo = 1600 cm ™!
(marked with circles). The latter, as shown in [17] does not apply to sp>
bonds. As can be seen from Fig. 5, the relative frequencies of these two
lines are almost the same. This gives grounds to combine the data for
both frequencies with wo = 1325cm ™" and wo = 1600 cm ™. Least-
squares fit line (with a 1.59 x 1073GPa "' slope) for the combined
data is shown in Fig. 5. For comparison, there is a straight line (with a
2.18 x 10" 3GPa~! slope), corresponding to the dependence of the
relative frequency on pressure for a diamond single crystal with
wo =1333cm™', corresponding to the dependence dw/
oP = 2.9cm™'/GPa [25].

Comparing the slopes of the straight lines shown in Fig. 5, in ac-
cordance with formula (1), we obtain the bulk modulus for the diamond
nanoparticles B, = 607 * 20 GPa. For comparison, in [17] a close bulk
modulus value of diamond nanoparticles (564 GPa) was calculated only
from the wo = 1600 cm ~* line dependence on pressure.

The features of the electronic structure of 2-5nm diamond nano-
particles are also manifested in the XPS spectra of carbon. When com-
paring the Cls spectra of single diamond crystal, 250 nm diamond and
2-5nm diamond nanoparticles, see Fig. 6, we observe differences in the
shape of the peaks.

On the initial surface of the samples, this difference is manifested in
a significant broadening of the peak for nanodiamonds (the half-width
of the half-height line HWHH Cls is 0,75eV in the single diamond
crystal, 1.2 eV in 250 nm diamond and 2.5eV in 2-5nm diamond na-
noparticles), which is associated with a decrease in the degree of
structure ordering. After cleaning the samples in situ with Ar* ions
with an energy of 2keV for 5 min, we observe a different structure of
the C1s peaks, which is the result of adsorbed hydrocarbons removal on
the one hand, and partial graphitization of the samples with an ion
beam on the other hand. In the 250 nm nanodiamond sample (as well as
in the single diamond crystal), we see two peaks shifted relative to each
other on the scale of binding energy (BE) by differential charging: an
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Fig. 4. TEM study of diamond nanoparticles before (Fig. 4a) and after (Fig. 4b) the pressure (66 GPa) treatment. The distances between the {111} planes are

0.206 nm and angle between these planes is 70° (110°).

\80
¢ 0.124 Diamond
E B,=443 GPa
=
=
2]
c
[}
E 0.064
[h'4
o
-% Nanodiamond 2-5 nm
S B,=607 GPa
o
0.00 —— T —T
10 20 30 40 50 60 70

Pressure, GPa

Fig. 5. Experimental data on the relative Raman shift (w-wo)/w, (relative fre-
quency) dependence on pressure for diamond nanoparticles with
o = 1325cm ™~ ! (marked with triangles) and with wo = 1600 cm ™! (marked
with circles; one as shown in [17] does not apply to sp? bonds) and their least-
squares fit line. For comparison, there is a straight line corresponding to the
relative frequency dependence on pressure for a diamond single crystal with
wo = 1333cm™ L.

asymmetric peak 1 (284.5 eV) from sp%-bound atoms and a symmetric
peak 2 (285.7 eV) from sp>-bound atoms. In a 2-5nm diamond nano-
particles sample, this Cls spectrum structure typical for using mono-
chromatic X-ray radiation is complicated by the appearance of an ad-
ditional peak in the region of 287 eV. Low oxygen concentration (less
than 1.5 at. %) does not allow attributing this peak to oxygen bonds, so
there can be only one explanation: additional charge differentiation,
which can be associated with the presence of diamond nanoparticles
with higher dielectric properties than large 250 nm diamond crystals.
In order to elucidate reasons of diamond nanoparticles stiffening,
we investigated their mechanical properties theoretically in the wide
size region. According to experimental conditions, diamond nano-
particles are located in a solid medium which allows assuming that
their surface is chemically bonded and therefore it shouldn't undergo
reconstruction. Full atomic structure relaxation of single diamond na-
noparticles showed the absence of surface reconstruction; surface bond
angles were preserved nearly the same as those of bulk diamond. For
this reason, nanodiamonds can be considered as consisting of fully sp>-
hybridized atoms with surficial dangling bonds which represent a
chemical connection with the medium. Due to the full sp>-hybridization
of the nanodiamonds, we chose the nanoparticles' shape to be a cubic
one according to the reference prediction [29] of the most stable shape
of fully passivated diamond nanoclusters. The studied diamond
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nanoparticles have their cube edge length, d, in a range from 1.2 to
5.9 nm.

We characterized the mechanical properties of the considered
structures by their bulk modulus B,. Bulk modulus describes the ability
of a material to change its volume under the influence of uniform hy-
drostatic compression. To get the energy vs. volume curve required for
bulk modulus calculations, each relaxed structure was hydrostatically
compressed and expanded. At each step, surface carbon atoms were
frozen, whereas the rest of the atoms were fully relaxed. Based on the
calculated data, the energy of each investigated structure depending on
its volume was evaluated, and bulk modulus of all considered structures
was found using the Birch-Murnaghan equation [30]. The volume of the
structure was determined as the volume of a convex hull of nanodia-
mond atoms without taking into account atomic radii of the surficial
atoms. This is not the only possible definition of a volume for nano-
particle, but we chose it as the most explicit and well-formalized one.

Obtained dependence of bulk modulus upon the diamond nano-
particles size is presented in Fig. 7a (blue diamonds). The pronounced
increasing of the B, with the structure size reduction coincides with the
experimental observation, whereas with nanodiamonds enlarging, B,
approaches to the corresponding value for bulk diamond. The origin of
the studied structures ultrastiffness can be understood by the analysis of
bond lengths in optimized structures. Color distribution of bond lengths
in diamond nanoparticles of two sizes is shown in Fig. 7b and c. As it
can be seen, the surface and near-surface bonds are shorter than in bulk
diamond (1.46-1.53 A) and as soon as shorter bonds are stronger, they
mainly contribute to the stiffening of the diamond nanoparticle. On the
other hand, the minor presence of elongated bonds (1.56-1.62 i\)
cannot significantly affect the resulting nanostructure stiffness. There-
fore, in total nanodiamonds become more incompressible than bulk
diamond.

Such a conclusion can be proved by estimation of the By as the
normalized sum over the atomic bulk moduli. Due to a localized
character of chemical bonds in diamond, its By is directly linked to the
mechanical stiffness of bonds. The concept of atomic bulk modulus was
developed by Kleovoulou et al. [31] and further used in theoretical
works [1,32] where the investigation of local rigidity in carbon and
silicon nanostructures was performed. In our case bond lengths of each
atom in the nanoparticle were averaged which allowed associating with
each atom the value of the local bulk modulus equal to the bulk mod-
ulus of diamond crystal with the same bond length. Using the values of
local bulk moduli, the total By of the nanoparticle could be found as
their normalized sum. Indeed, the dependence of diamond crystal bulk
modulus on the lattice constant (and therefore bond length) shows the
evident increase with the bonds shortening (see the inset in Fig. 7a), so
the studied nanoparticles with contracted bonds on the surface should
be more rigid than diamond crystal. The obtained dependence of bulk



M. Popov, et al.

2-5nm

250 nm

Intensity, arb. units
%’

4 mm

200 289 288 287 286 285 284 283 282 281
BE, eV

Intensity, arb. units

200 289 288 287 286 285 284 283 282 281
BE, eV

Diamond & Related Materials 96 (2019) 52-57

Intensity, arb. units

200 289 288 287 286 285 284 283 282 281
BE, eV

Intensity, arb. units

200 289 288 287 286 285 284 283 282 281
BE, eV

Fig. 6. XPS Spectra C1s of single diamond crystal (type IIa, face (111), size of the face 4 X 4 mm), 250 nm diamond and 2-5 nm diamond nanoparticles on the initial
surface of the samples (a) and after sputtering by an Ar* (2keV) ion beam of the single diamond crystal (b), 250 nm diamond sample (c) and a 2-5nm diamond

nanoparticles sample (d).

modulus calculated as the normalized sum over the atomic bulk moduli
(Fig. 7a, red circles) shows close correlation with directly calculated B,
which ensures that the observed effect is mostly originated from the
surface bonds contraction. Obtained dependences can be well fitted by
inverse law (1/d) which additionally reflects the dominant surface
contribution to the observed effect.

4. Conclusions

Based on experimental and theoretical studies, we determined the
diamond nanoparticles bulk modulus as equal to 607 + 20 GPa. Both
Raman lines of diamond nanoparticles with o, = 1325 cm ™! and with
o = 1600 cm ~ ! were observed up to the maximum pressure of 68 GPa

a 525

515

200 . i L
143 148 153 158

Bond length, A

495 |+

a

O 485 |
S

@ 475 |
465

<
455 < direct calculations

O averaged local moduli
445 . L

1 2 3 4 5 6
d, nm

within this study. The dependences of the relative frequencies on the
pressure of these two lines practically coincide. Diamond nanoparticles
simulations suggest that observed high bulk modulus is originated from
the compressed bonds in the near-surface region. This conclusion is also
supported by the growth of bulk modulus inversely proportional to
nanodiamonds size.
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