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A new method for obtaining graded amorphous carbon using quenching of a graphite melt on a diamond substrate
is proposed. Using molecular dynamics modeling of liquid carbon quenching on a cold diamond substrate, it is
shown that the amorphous carbon obtained in the experiment is a material with a strongly gradient structure and
properties along the depth of the sample. This is due to the quenching rate decrease with the distance from the
substrate in the range of 10'*—10'>K/s. In this case, the density of amorphous carbon varies from 1.50 g/em® to
1.93 g/em®. The spatial change in the structural characteristics of the obtained amorphous carbon was studied: the
distribution of carbon atoms according to the degree of chemical bond hybridization (sp'-, sp>-, sp’-), the radial
distribution function, the angular distribution function, and a statistical analysis of carbon rings were carried out.
It is shown that at a pressure in liquid of 1 GPa, the carbon structure within the quenched zone changes from a
highly porous structure with a large number of sp' chains of carbon atoms near the substrate to an amorphous

graphene structure at the periphery.

Keywords: amorphous carbon, liquid carbon, quenching, molecular dynamics, radial distribution function.

DOIL 10.21883/TP.2023.03.55804.206-22
Introduction

The relevance of the study of amorphous carbon (a-C),
is in no doubt due to the unique properties of such
materials [1-6]. The unique properties of a-C are largely
determined by the fact that it is a ,mixture” of carbon
atoms with different types of chemical bond hybridization:
sp’-, sp?-, sp'-. And its properties strongly depend on the
quantitative ratio between different types of hybridization.
Especially many efforts of researchers worldwide are fo-
cused on studying the properties of dense, diamond-like a-
C with a high content of atoms with sp* hybridization [5].
Describing and understanding the structure of disordered
or amorphous carbon are not easy, because such materials
do not have a definite crystal lattice [7]. Therefore, a-C
model structures created by computer simulation methods
are of exceptional importance for understanding how such
complex structures are formed in actual processes or
experiments, how to optimize these processes and achieve
the desired properties of a-C.

Graded materials with a continuous spatial change in
structure and properties are used in various technologies.
The concept of graded (functionally graded) materials
utilization in industry first occurred in Japan in the 80s [8]
for application in space engineering. In recent years, this
direction continues active development, and graded mate-
rials are used in the aerospace and automotive industries,
in power engineering, microelectronics, and in the design
of various structures [9]. Graded materials are usually
used when properties are required that are not available in
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conventional technical materials. The authors are unaware
of publications relating to the creation of graded material
based on amorphous carbon.

To obtain new, including amorphous materials with
unique properties, quenching from the liquid state is widely
used [1,10,11]. The authors managed to carry out unique
experiments [12], in which liquid carbon is quenched on
the surface of a cold diamond substrate forming the graded
a-C. The small amount of a-C obtained does not allow us
to apply the instrumental approach to study its structure.
Therefore, it was necessary to involve modeling methods.
At the first stage we carried out molecular dynamics (MD)
calculations [13,14], where we tried to simulate directly the
liquid carbon quenching on the cold diamond substrate
in a two-layer modeling cell. But the geometric size
of the modeling cells in the calculations did not allow
us to reproduce the carbon structures obtained in our
experiments, since they were far from the actual sizes of
the experimental samples [12]. Besides, in these calculations
it was impossible to estimate the rate of the liquid carbon
quenching in the experiment, and, as it is known [1], the
quenching rate is one of the determining parameters in
the formation of amorphous carbon and strongly affects its
properties.

In the paper [12], by solving the problem of non-
stationary conductive heat transfer for a model that uses the
actual sizes of the samples participating in the experiment,
it was possible to estimate the rates of the liquid carbon
quenching on the cold diamond substrate. The rate of
liquid carbon quenching varied depending on the distance
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from the diamond—liquid carbon interface. At a distance
of 0.005 um the quenching rate was maximum — 104 K/s,
then at a distance of 0.02um it decreased to 10'3 K/s, and
further while moving away from the interface at distances
greater than 0.05 um the quenching rate reached the lowest
value 10'2K/s. Thus, it became possible to simplify the
modeling process by excluding the diamond substrate from
the modeling cell.

In the present paper, model structures of a-C are obtained
by the MD quenching of liquid carbon at known rates of
quenching. A detailed study of the structural properties of
these model samples was carried out. We suppose that
these properties are close to those of the carbon structures
obtained in the experiment [12].

1. MD methods for obtaining amorphous
carbon

Although there are different methods for modeling amor-
phous systems [1], one of the most popular methods for
computer simulation of amorphous carbon is MD quenching
of liquid carbon [1,15-35]. The liquid carbon quenching
involves liquid carbon cooling at high rate to a solid
amorphous state. In 1989 the authors [15] published a
pioneering work in which amorphous carbon was obtained
using ab initio MD simulation to quench the liquid carbon
at a quenching rate of 10'° K/s. In the following years and
up to the present, not only ab initio modeling [17-19,33,35],
but also tight-binding modeling [16,19,20,24] and modeling
using various (often very complex) potentials [19,21-23,25-
34] were used for MD simulation. Separately, we can
highlight the papers [27,28], whose authors developed a
machine-learning Gaussian approximation potential (GAP).
The GAP potential, apparently, has great prospects, since,
on the one hand, using an appropriate learning technique it
can accurately describe sufficiently large disordered systems,
and on the other hand, it is by several orders of magnitude
faster than ab initio modeling.

There is a certain compromise when choosing a method
describing the forces of interaction between atoms in the
MD modeling of liquid carbon quenching. On the one hand,
ab initio modeling gives the most accurate result, but today
it does not allow modeling of large systems of atoms. On
the other hand, the use of interaction potentials, even in
the form of rather complex functionals, makes it possible
to model large systems, but, obviously, it is less accurate
than ab initio methods. Mainly in connection with this,
in recent years questions were actively studied [23,25,30-
34,36], how to use the potentials in the best possible way,
what potentials are best used under certain conditions of
modeling of liquid carbon quenching with formation of
various carbon structures, what criteria are best used when
choosing potentials. The authors [25,32] have been doing
a great work to systematize the potentials that exist today
for modeling various forms of carbon. But, unfortunately,
the general conclusion for today is that it is impossible to

select any universal potential for the analysis of various
disordered carbon structures [32]. Besides, the authors
of paper [33] noted that some structural characteristics of
amorphous carbon (for example, the content of carbon
rings) cannot be obtained experimentally at all, and data
on those characteristics that are determined experimentally
(for example, the content of Sp’-atoms) are quite rare.
This, of course, complicates the procedure for assessing
the reliability of a particular potential. Therefore, in order
to increase confidence in the results of modeling of liquid
carbon quenching using one or another potential, it is
necessary to first analyze how adequately the selected
potential describes disordered amorphous (and possibly
liquid) carbon under the chosen modeling conditions.

It was shown in [37] that the quenching rates commonly
used in MD modeling are consistent with experiments
on the deposition of thin amorphous carbon films during
graphite sputtering and are about 10'®K/s. In almost all
papers [15-35] the liquid carbon was quenched at rates of
101°—10'°K/s at a constant density of the modeling cell.
Thus, during the modeling the number of particles and
the cell volume remained unchanged: N,V = const. After
quenching a-C was usually annealed in one way or another,
then compared with the available structural experimental
data, and new structural or mechanical properties of a-C
were calculated. At such high quenching rates, the structure
of amorphous samples obtained by MD quenching agrees
quite well with the structure of industrial amorphous films
obtained, for example, by magnetron sputtering. In some
papers [16,20,24,26,33], for whatever reason quenching was
carried out at rather ,,low* rates of about 10'*—10' K/s. In
the paper [29] to generate an atomic model of highly porous
a-C carbon obtained from carbides the liquid carbon was
quenched at rates of 102, 103, 10'*K/s. Basically, the
linear law of temperature change during quenching is used,
but in a number of papers [18,19,23,26,27,33] the liquid
carbon quenching occurs according to an exponential law.
Both the quenching rate and the law of temperature change
during quenching affect the process itself and the proper-
ties (structure) of the resulting a-C. But subsequent a-C
annealing can naturally reduce this effect. In the paper [26]
the influence of liquid carbon quenching conditions on a-
C structure obtained is studied in great detail: quenching
rate, type of quenching (linear or exponential cooling law),
annealing time, size of modeling cell.

As noted above, quenching takes place at a constant
density and, of course, the properties (structure) of the
resulting a-C depend very strongly on this parameter.
Generally modeling of liquid carbon quenching is carried
out in the density range from a value close to the graphite
density (sp?-atoms) — 2g/cm3 to a value close to the
diamond density (sp-atoms) — 3.5g/cm®. However, in
some papers, the ,low* density < 2.0g/cm3 liquid carbon
quenching is studied: in the paper [33] up to 1.7 g/em?,
in papers [25,27,32] up to 1.5g/cm’, in papers [31] up
to 1.4 g/cm?, in paper [20] up to 1.2 g/cm?, in paper [29] up
to 0.95 g/lem?, in paper [35] up to 0.923 g/cm?, in paper [24]
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up to 0.6g/cm?, in the paper [26] up to 0.5g/cm®. When
such carbon is quenched, porous structures with cavities
having complex shape are obtained, they contain mainly
carbon atoms with sp!- and sp?-hybridization. This class of
carbon materials is sometimes called disordered nanoporous
carbon [38-40]. Highly porous a-C carbon obtained from
carbides [29] belongs to the same class. Interest in highly
porous a-C structures is due to their use in water treatment,
in electrochemistry (batteries), for the absorption of gases
(for example, hydrogen).

2. Formulation of the problem of MD
quenching

As it was already discussed, in the papers [15-35] in
the overwhelming majority of cases the authors simulate
quenching at a constant density (N, V = const), then anneal
a-C and compare the structure and properties of a-
C either with the experiment or with a more precise
calculation ab initio. At the same time, in many papers
the conditions for liquid carbon quenching (quenching rate,
type of quenching, annealing time) are optimized in order
to obtain a-C with a structure as close as possible to the
structure obtained experimentally. Our formulation of the
problem of MD modeling of liquid carbon quenching is
somewhat different. We are interested in understanding
what a-C structure could be obtained in actual experiment
by quenching a thin layer of liquid carbon on a cold
diamond substrate. Therefore, for MD modeling we used
the NPT ensemble describing the system equilibrium at
a fixed number of particles N, constant pressure P and
temperature T, and the quenching rate from calculations
at the macrolevel [12], assuming that this rate is close
to the actual quenching rate in the experiment. In the
NPT ensemble the density of liquid carbon can change
during the modeling, as in actual experiment. To maintain
a constant pressure in the Nose—Hoover barostat, the
dynamic correction of the dimensions of the modeling cell
is carried out. In other words, the target pressure of
the barostat when integrating the equations of motion is
achieved either by mechanical relaxation or by mechanical
compression of a-C during modeling. Thus, our calculations
were as close as possible to the quenching process in the
actual experiment.

Considering the experience of authors [23,25,30-34],
we tried to choose the potential for MD modeling very
carefully [41]. When choosing a method describing the
forces of interaction between atoms in MD modeling, we
choose the classical potential use. This was due to the fact
that in our calculations the density of liquid carbon at a
pressure of 1GPa was < 2.0g/cm® [41]. And, as noted
in the paper [26], in MD modeling of low-density liquid
carbon quenching it is better to use a sufficiently large
modeling cell to calculate structural properties, which is
still difficult to do for ab initio calculations. To solve the
problem, it was necessary to choose a classical potential
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that adequately describes disordered liquid carbon from
the point of view of the equation of state in order to
correctly describe density changes during quenching in the
NPT ensemble. On the other hand, it is important that,
in addition, the potential should adequately describe a-
C structure. The choice of the potential was based on
comparison of the results of calculations by the quantum
and classical MD methods. Of the six empirical potentials
considered in [41], only one potential — ReaxFF-lg [42] —
showed good agreement with quantum MD calculations as
for the equation of state and for the distribution of carbon
atoms with different hybridizations (sp!-, sp’-, sp’-) in
liquid carbon at pressures of about 1 GPa.

The ReaxFF-Ig potential belongs to the family of reactive
bond-order potentials ReaxFF, which were developed to
model chemically active complex systems [43]. The
authors [23] believe that for ReaxFF potential the a-C
structure obtained by MD quenching is in good agreement
with the experimental and DFT (Density Functional Theory)
data at densities < 2.6 g/ cm’. In the paper [25] 6 potentials
for liquid carbon quenching were analyzed from the point of
view of describing the structure of the resulting a-C, and it
was noted that ReaxFF is one of the potentials working well
at low densities. The authors [32] concluded that ReaxFF
potential is one of the best potentials for modeling large
carbon systems over rather long time.

The parameters of the MD calculation of liquid carbon
quenching were as follows. The initial cubic modeling cell
with periodic boundary conditions contained 11408 atoms
of liquid carbon at a temperature of 6000 K and pressure
of 1.0 GPa. In the paper [41] the lowest pressure of liquid
carbon modeling was 1.0 GPa. As it was discussed in detail
in [41], modeling at pressures below 1.0 GPa due to large
pressure fluctuations during the calculations and the lack
of accurate data on the liquid—vapor equilibrium line in
the carbon phase diagram can lead to the occurrence of
spatial heterogeneities in the modeling cell. The equations
of motion are integrated in the NPT ensemble using
the Nose—Hoover thermostat-barostat. The temperature
damping time parameter Tgamp Was 100At, where At is the
time increment, and the pressure damping time parameter
Pdamp was 1000At. Before quenching the liquid carbon
was equilibrated at a temperature of 6000 K and was highly
diffusive. The calculated self-diffusion coefficient for a
pressure of 1.0GPa was 13-1073cm?/s. The calculated
self-diffusion coefficient for a pressure of — 1073 cm?/s.

The initial size of modeling cell size for pressure 1.0 GPa
was 57 x 57 x 57A. When using ReaxFTF potentials, the
time increment, especially at high temperatures, should
be approximately by order of magnitude smaller than the
increment that is usually used for classical MD modeling —
1fs [44]. Therefore, when integrating the equations of
motion we used the time increment 0.1fs. LAMMPS
(Large-Scale Atomic/Molecular Massively Parallel Simula-
tor) software package [45] was used for MD calculation.

MD quenching proceeded at the rates obtained in [12]:
10'2, 10" and 10'* K/s. The temperature varied from 6000
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to 300K according to a linear law. Accordingly, the quench-
ing process lasted 5700, 570, 57ps. a-C obtained after
quenching was kept for some time in the NPT ensemble
at 300 K. As expected, calculations at the quenching rate of
10'2 K/s turned out to be rather time-consuming.

3. Density change during liquid carbon
quenching

During quenching the instant density of the modeling
cell was calculated. Fig. 1 shows density as a function
of temperature, respectively for a pressure of 1.0 GPa for
quenching rates 10'2, 10" and 10'#K/s. The presented
graphs are approximated by the least squares method using
the data obtained in the calculations.

For all quenching rates at the initial stage the density
of liquid carbon increases almost linearly with temperature
decreasing. For the rate 10'% K/s there is small non-linearity.
Further, liquid carbon amorphization starts, and the density
graphs begin to bend, while the rate of density change
versus temperature decreases. Finally, approximately at a
temperature of 3000K the density reaches its maximum
value. We think that the achievement of the maximum
density is associated with the end of the amorphization
process. With further decrease in temperature the amor-
phous carbon relaxes. As can be clearly seen in Fig. 1,
the density of amorphous carbon decreases slightly during
the relaxation. According to the authors [46] on the basis
of the temperature dependence of the root-mean-square
displacement of atoms from their initial position during
liquid carbon quenching, the temperature 3000K — is
the limiting low temperature at which self-diffusion stops,
and liquid carbon is completely converted into amorphous
one. Thus, our results, as follows from the analysis of
the graphs in Fig. 1, coincide with the conclusions made
in the paper [46], and the temperature 3000K is indeed
ncritical® temperature during liquid carbon quenching. In
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Figure 1. The density change of the modeling cell depending
on the temperature at different rates of liquid carbon quenching at
pressure of 1.0 GPa.

fact, liquid carbon quenching occurs in the range of
6000—3000K. A further temperature decreasing occurs
now in amorphous carbon. The authors [47], carrying out
rather thorough calculations of the dependence of the self-
diffusion coefficient on temperature during the liquid carbon
amorphization, concluded that amorphous carbon exhibits
glass-like behavior, this is confirmed by a sharp change in
the slope on the graphs for the self-diffusion coefficient in
Arrhenius coordinates. In this case, the temperature 3000 K
can be interpreted as the glass transition temperature. The
graph in Fig. 1 clearly shows that the higher the quenching
rate is, the closer the density of a-C is to the initial density
of liquid carbon. In other words, the higher the quenching
rate is, the closer the structure of the obtained a-C is to
the structure of liquid carbon. At the end of the process
the density of a-C was: 1.93 g/em?® for 1012 K/s , 1.84 g/cm?
for 1013 K/s, 1.5 g/cm? for the rate of 10'* K/s. For all three
a-C structures obtained the density turned out to be less
than the density of graphite — 2g/cm?®. This means that
in all three structures the number of atoms with sp3-bond
is probably small and, apparently, such structures should be
porous, and the lower the density is, the larger the nanopore
volume should be.

4. Model structures of amorphous
carbon

As a result of the MD calculations a-C model structures
were obtained, which, in our opinion, are quite close in
their composition and properties to a-C obtained in the
experiment. Note that in this paper a-C is considered as a
condensed substance having a short range atomic order and
without long range atomic order characteristic. In Section 4,
based on a visual analysis of a-C structures, the short range
order within the first coordination sphere is studied.

As it was discussed earlier, the distribution of carbon
atoms according to the degree of hybridization of the
chemical bond is the most important characteristic of a-
C structure. It is known that the actual distribution
cannot be obtained by classical MD modeling methods [48].
Therefore, in the first approximation, as a rule, it is
assumed that the degree of hybridization of a carbon atom
corresponds to the number of its nearest neighbors. If the
atom has 4 neighbors, then it is considered to be coupled
with them by the chemical bond of sp*-type, if 3 then
this is the chemical bond sp?-, and, finally, for 2 neighbors
the chemical bond will be sp!-. The number of neighbors
closest to the given atom is calculated within the limits of
the short range order within the first coordination sphere,
the radius of which is equal to the first minimum of the
radial distribution function (RDF).

Fig. 2—4 shows the structures of amorphous carbon
obtained at quenching rates 10'2, 10'3 and 10'# K/s, and the
text to the Figures shows the distribution of carbon atoms
according to the degree of hybridization of the chemical
bond.
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Figure 2. Cross section of a-C structure for a quenching rate

102 K/s. The structure contains 1.6% of atoms with sp’-, 95% of
atoms with Sp>-, 3.4% of atoms with sp'-hybridization.

For the convenience of visual analysis these Figures show
transverse sections 7A thick. The atoms of light yellow,
green, and maroon colors indicate, respectively, the type of
hybridization of the chemical bond sp'-, sp?-, sp’-. Fig. 2,
obtained at a relatively low quenching rate 102 K/s, shows
that a-C structure is formed from chaotically mixed and
curved graphene-like layers of sp’-atoms (95%). Such a
curvature indicates the presence of defects in them, since
ideal graphene layers, consisting of hexagons with carbon
atoms at the vertices, should be flat. There is a small number
of sp’- and sp'-atoms between the graphene-like layers.
In some small areas local graphite clusters are visible, in
which the graphene layers are arranged in parallel. In some
places of the structure shown in Fig. 2, pores formed. Thus,
we can conclude that at a quenching rate of 10'2K/s and
modeling in the NPT ensemble the liquid carbon transforms
into heterogeneous porous graphite-like material consisting
of randomly arranged graphite clusters and interlaced with
graphene layers. When liquid carbon is quenched at a
rate of 10'2K/s, the process of graphitization (the process
of formation of structures with sp-atoms of carbon) is
decisive. Since the quenching rate is relatively low, the
initial structure of liquid carbon has time to transform into
a structure consisting of ,mixed graphene layers of sp?-
atoms. At such quenching rates the structures of liquid
and a-C carbon differ significantly. The authors [49] call
such a-C structures as amorphous graphene. The structure
in Fig. 2, which has a density of 1.93g/cm?, is visually
similar to the structures of a-C annealed after quenching
(at p = const) with a density of 1.5g/ cm?, the structures
were obtained in papers [25,32].
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This is due to the fact that annealing of a-C gives rise
to multiple graphite clusters and graphene layers of carbon
atoms with sp?-hybridization. The authors [33], using the
GAP potential [27], even at a quenching rate of 10'*K/s
(p = const), obtained a-C structure in the form of elongated
graphite flakes with a density of 197 g/cm?®. This a-C
structure was then compared with the structures formed
during graphitization while modeling long-term annealing
of amorphous structures [50]. The structure shown in Fig. 2
also has much in common with the structure of highly
porous a-C-carbon obtained from carbides [29].

At the quenching rate of 103 K/s and modeling in the
NPT ensemble, as can be seen in Fig. 3, a different picture
is observed. Although the number of sp*-atoms is quite
large (85.1%), as at a quenching rate of 10'2K/s, neither
graphene layers nor graphite clusters are observed in the
resulting structure. The structure in Fig. 3 consists of sp*-
and sp'-hybridized atoms arranged randomly. The number
of sp*-atoms is low (as in Fig. 2), while the number of sp'-
atoms increased to 12.1%, which is 3.6 times higher than
at the rate 10'>K/s. At such a quenching rate complete
graphitization does not occur, and the quenching rate starts
to influence the change in the structure of the resulting a-C
relative to the structure of liquid carbon. The number of
pores in this a-C structure is practically the same as in the
same as in the a-C structure obtained at a quenching rate
of 10'2 KJs.

Fig. 4 shows the structure obtained at a rather high
quenching rate 10'#K/s. This structure differs significantly
from those considered earlier. Although it still contains
a rather large number of sp’-atoms (63.8%), sp'-atoms
begin to play a significant role. Their number increases
to 34.6%. As can be seen in Fig. 4, a-C structure contains

Figure 3. Cross section of a-C structure for a quenching rate of
108 K/s. The structure contains 2.8% of atoms with sp*-, 85.1%
of atoms with sp’-, 12.1% of atoms with sp'-hybridization.
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Figure 4. Cross section of a-C structure for a quenching rate of
10" K/s. The structure contains 1.6% of atoms with sp3—, 63.8%
of atoms with sp*-, 34.6% of atoms with sp!-hybridization.

a rather large number of carbine-like carbon chains. These
chains together with sp?>-atoms form a net-structure with
a large number of pores or voids, which leads to low
density of a-C — 1.5g/cm®. The authors [51] also found a
sharp decrease in the density of liquid carbon at a pressure
of P < 1-2GPa, believing that this effect is due to the
predominance of sp!-chains of atoms and high nanosized
porosity. Thus, indeed, at a quenching rate of 10'*K/s the
initial structure of liquid carbon is closer to the structure of
the resulting a-C than at the rates of 10'> and 103 K/s. In
other words, high quenching rates allow partial ,freezing*
of the liquid carbon structure in a-C. In the paper [20] at a
quenching rate of 10'* K/s in the NV T ensemble and density
of 1.2g/cm? the number of sp'-atoms in a-C was 33%.
The authors of [25], modeling the liquid carbon quenching
with a density of 1.5 g/cm? at rates of 10'° K/s in the NVT
ensemble (with subsequent annealing), obtained the content
of sp'-atoms in a-C from 18 to 37.7%, depending on the
type of classical potential used in the calculations. Thus,
the ReaxFF potential gives maximum value of 37.7%. On
the whole, our calculations of the number of sp!-atoms in
a-C obtained by quenching are in good agreement with the
results of papers [20,25].

5. Structural characteristics of
amorphous carbon. Short and medium
range orders

The study of the structure of amorphous materials is a
rather difficult task, since the long range order is absent, and
the short range order, although it can be analyzed, is not

materials the additional analysis of the medium range order,
which is located beyond the short range order, i.e. beyond
the first coordination sphere [52], is required.

For a-C model structures, in addition to the density,
both short range and medium range orders were analyzed.
To characterize the short range order the distribution of
carbon atoms by the degree of chemical bond hybridization
(sp-, sp?-, sp’-), radial and angular distribution functions
(RDF and ADF) were calculated. One of the existing
methods for studying the medium range order, as it is
known from [27,53,54], is the statistical analysis of rings.
Note that the structure of the medium range order in a-C
affects the radial and angular distribution functions.

Fig. 5 shows the RDF for a-C structures obtained in
our calculations at various quenching rates. The first and
second main RDF peaks characteristic for a-C [17,23,26]
are observed in the vicinity of 1.5 and 2.5 A. The first peak
is associated with short range order and lies within the first
coordination sphere. The second peak is located in the
second coordination sphere and indicates the presence of
medium range order in a-C. Unlike liquid carbon, in which
the RDF shows a non-zero first minimum at 1.9 ,&, in a-C
for the same point a zero gap between the first and second
RDF peaks is clearly visible for all three quenching rates.

The radial distribution function for the quenching rate of
10'2K/s has a pronounced sharp first peak in the vicinity
of 146 A, which corresponds to the chemical bond length
for sp*-hybridization in a-C. For quenching rates 10'3
and 10 K/s this peak decreases and slightly shifts to the
right. At a quenching rate of 10'4K/s the peak amplitude
near 1.46 A is almost two times smaller than for 10'2K/s.
The decrease in the amplitude of this peak is due to the
decrease in the content of atoms with Sp’>-hybridization as
the quenching rate increases.

The second main RDF peak in the vicinity of 25A
for the rate of 10'>K/s has no pronounced asymmetry
(characteristic for many amorphous structures). This is most
likely due to the features of the medium range order of
amorphous graphene. At a rate of 10'3K/s the structure
of the medium range order begins to change. Due to
the appearance of the shoulder on the right side, a slight
asymmetry of the second peak is noticeable. And at a
rate of 10!*K/s the noticeable asymmetry of the second
peak appeared, on the right side of the peak one can see
a shoulder that is larger in amplitude than the amplitude of
the middle part of the second peak. One can clearly see
the influence of the structure change of the medium range
order on the RDF form outside the first coordination sphere.
Possible reasons for this will be discussed further.

In Fig. 5, within the limits of the short range order, the
attention is drawn to the sharp RDF peak near 1.24A,
the amplitude of which increases with the increase in the
quenching rate. A similar peak, but of a small amplitude,
is given in the papers [20,24,34]. The authors explain
this peak by the presence of atoms with sp! hybridization
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Figure 5. a-C RDF for quenching rates: 10'2, 103, 10" K/s. The
inset shows the results of the RDF differential analysis separately
for sp! and sp? atoms at a quenching rate of 10 K/s.

in a-C structures. This peak is especially noticeable in
low-density a-C. The fact that the amplitude of this peak
in [20,24,34] is small is most likely due to the annealing of
carbon amorphous structures after liquid carbon quenching.
In the paper [31] for the densities a-C 2.2, 1.8 and 1.4 g/cm?
the dependence of the RDF peak amplitude on the density
in the vicinity of 12A (Fig. 5) was identified, and it is
similar to that obtained by us.

We, like the authors [20,24,34], associate the peak in
the vicinity of 124 A with the presence of carbon atoms
with sp!-hybridization, which, as can be clearly seen from
Fig. 4, form curved chains in a-C. However, in the paper [26]
in a-C with a low density of 0.5 and 1.0g/cm®, a small
shoulder is seen on the left side of the first RDF peak
near 1.2A, which the authors attribute to the presence of
a small number of triatomic carbon rings. To clarify the
situation, for a-C structures obtained by us we performed
a RDF differential analysis separately for atoms with sp'-
and sp*-hybridization.

The result for the quenching rate 10'#K/s is shown in
the inset in Fig. 5. As can be seen in this inset, the RDF
for atoms with sp!-hybridization has one pronounced peak
near 1.24A, which is much larger in amplitude than the
other small peaks in the vicinity of 1.4 and 2.5A. There
is no peak near 1.24A on the RDF for atoms with sp*-
hybridization, there are the first and second main RDF
peaks in the vicinity of 1.5 and 2.5 Aonly. Thus, the increase
in the peak amplitude at 124 A with the increase in the
quenching rate in Fig. 5 is uniquely associated with the
increase in the content of atoms with sp'-hybridization.
For the quenching rate of 10 K/s the peak at 124 A is
approximately equal to 2/3 of the peak maximum at 1.46 A.

Besides, as can be seen in Fig. 5, at the quenching
rate of 10" K/s a shoulder appeared on the left side of
the peak 146 A. No peaks were found on the separate
RDFs for atoms with sp!-hybridization and for atoms
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with sp?-hybridization that could explain the appearance
of this shoulder. =~ We think that this shoulder could
appear due to bonds between the chains of atoms with
sp!-hybridization with the structures consisting of atoms
with sp?-hybridization.

After a detailed description of the short range order it is
necessary to investigate the structure of the medium range
order for the model a-C obtained in our calculations at
different quenching rates. Fig. 6 shows the ADF, which
is associated not only with the short range, but also with
the medium range order. Fig. 7 shows the dependence
of the total number of rings divided by the number of
atoms in the cell, on the number of atoms in the ring
(statistical distribution of rings). This dependence is the key
to understanding the structure of the medium range atomic
order in a-C. Since ADF and a statistical distribution of
rings are interconnected through the medium range order
structure, we will further jointly discuss the features of
the graphs shown in Fig. 6 and 7. ADF characterizes
the azimuthal angle formed by triplets of the nearest
carbon atoms within the first coordination sphere. The
statistical distribution of rings was calculated by us using the
shortest path criterion according to the King’s diagram [55]
in ISAACS program [56]. The calculation procedure is
described in detail in [57].

The ADF maxima in Fig. 6 for all three quenching
rates are located around 120°, which reflects the defining
structural features of one of the crystalline allotropes of
carbon — graphite. This angle is typical for atoms with sp?-
hybridization in six-atom carbon rings that make up graphite
and graphene. As can be seen in Fig. 7, as the quenching
rate increases, the ADF maxima decrease with the decrease
in the number of hexatomic rings. For a quenching rate of
10'%2 K/s the peak near 120° is practically the only one that
corresponds to the structure of amorphous graphene shown
in Fig. 2. Note that the carbon clusters formation in the form
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240F 535 4
i) NN '
S 350882} !
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Figure 6. ADF of a-C for quenching rates: 10'2, 10'3, 10'* K/s.
The inset shows the results of the ADF differential analysis
separately for sp' and sp® atoms at a quenching rate of 10" K/s.



322 V.S. Dozhdikov, A.Yu. Basharin, P.R. Levashov
081 . . ' The largest number of tetratomic rings is observed at a
07 —=—102Kss, 1.93 g/em? quenching rate of 10%K/s. According to the authors

L —e- 10}431 K/s, 1.84 g/Cmg opinion [27], the asymmetry of the second RDF peak
0.6 4107 K/s, 1.50 g/em near 2.5A, which is a characteristic for the medium range
g 05 | order in many amorphous materials, indicates the presence
N of tetratomic carbon rings in the a-C structure. In other
R 04F words, the appearance of the shoulder at the second peak
Eo 03k of RDF is due to the atoms located along the diagonal of
£ the tetratomic ring. The asymmetry of the second RDF
020 S0 e peak (Fig. 5) begins to appear for the quenching rate of
otk LT 10'3 K/s and is clearly visible at 10'* K/s due to the increase
' o el in the number of tetatomic rings with the increase in the
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Figure 7. Dependence of the total number of rings divided by
the number of atoms in the cell, on the number of atoms in the
ring for a-C structures for quenching rates: 10'%, 10", 10" K/s.

of hexatomic carbon rings leads, in fact, to the formation of
a certain structure precisely within the medium range order,
since the distances between non-neighboring atoms in such
a ring are greater than the radius of the first coordination
sphere.

The peaks in the vicinity of 120° in Fig. 7 for all three
quenching rates are quite wide, which is explained by
the presence of pentatomic and heptatomic carbon rings
in a-C. Just these rings form curved (convex and concave)
graphene-like layers (Fig. 2) and actively participate in the
formation of the medium range order. Also, rings of high
orders indirectly indicate structural voids.

As can be seen in Fig. 6, at quenching rates of 10'3
and 10'K/s three more peaks are observed in ADF: near
60°, 90° and a wide peak near 175°. The physical
nature of 175° peak can be explained from the differential
analysis of ADF separately for atoms with sp'- and sp?-
hybridization. The result of the analysis for the quenching
rate 10'*K/s is shown in the inset in Fig. 6. The peak
in the vicinity of 175° is formed, as can be clearly seen in
Fig. 4, due to the presence of numerous bent chains of atoms
with sp!-hybridization. Since the curvature of the chains is
different, and each curvature corresponds to its own angle,
a rather wide peak is formed in ADF, which is blurred at
the corners. As the quenching rate increases, the number
of sp!-chains in a-C increases, as well as the amplitude of
this peak increases. In the paper [27] at low densities of
a-C, ie. below 2.0g/cm?, ADF also has wide peak, but
with a maximum at 180°, which the authors [27] explain
by the presence of almost linear bonds of atoms with sp!-
hybridization. In our case, as can be seen from Fig. 4, all
chains of sp-atoms have a bent shape; accordingly, the ADF
graphs in Fig. 6 go to zero at 180°.

A small ADF peak in Fig. 6 in the vicinity of 90°
is apparently due to the presence of a certain number
of tetratomic carbon rings (as can be seen in Fig. 7).

The ADF peak near 60° in the a-C structure occurs,
as a rule, at high quenching rates due to the presence of
triatomic carbon rings [26,27]. In a-C structure with a
density of 1.2 g/cm?, obtained by liquid carbon quenching, a
rather large number of triatomic carbon rings was observed
when calculating by the tight-binding method [20]. In [18]
based on the modeling of liquid carbon quenching by the
ab initio method tetratomic carbon rings were found in the
a-C structure with a density of 2.0 g/em®. It is known that
triatomic carbon rings are in a very stressed state and are
energetically unfavorable structures [33]. For the formation
of triatomic carbon rings, as the DFT calculations show [19],
a rather large strain energy is required. The question arises
how triatomic carbon rings still appear in the a-C structure
obtained by liquid carbon quenching. Apparently, the thing
is that liquid carbon contains both triatomic and tetratomic
carbon rings [27]. Moreover, the largest number of such
rings [27] is observed just at relatively low densities of liquid
carbon: 2.5, 2.0, 1.5g/cm>. The higher the quenching rate
is, the more elements of liquid carbon structure, including
highly stressed triatomic carbon rings, will be ,frozen” in a-
C. During a-C annealing, the number of such energetically
unfavorable rings will decrease.

Like the authors of [27] we found triatomic and tetratomic
rings in the structure of liquid carbon with a density of
12g/cm3. As can be seen from Fig. 7, at a quenching
rate of 10'*K/s the a-C structure contains a rather large
number of triatomic rings — more than half of the number
of all hexatomic carbon rings. These triatomic rings are
responsible for the ADF peak near 60° (Fig. 6). This peak
splitting into two local maxima may be due to the fact that
among triangles of three carbon atoms, on average, scalene
triangles predominate, in which one or two angles are less
than 60°.

Conclusion

As a result of experimental quenching of liquid carbon
on a cold diamond substrate, we obtained for the first time
a new material — graded amorphous carbon. To this date,
the authors are not familiar with any other experimental
methods for obtaining the carbon graded material.
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As a result of MD modeling of liquid carbon quenching
on a cold diamond substrate with actual experimental
rates [12] a-C model samples were obtained. The use
of the NPT ensemble, which, as a rule, is not used to
calculate the quenching process in a-C production, made
it possible to bring the modeling conditions closer to the
actual experimental conditions. Therefore, the structures of
a-C model samples obtained by us should be close in their
properties to the structures of actual experimental samples.

The analysis of the density change of liquid and a-C
with temperature increase at a constant pressure 1GPa
during the quenching process made it possible to determine
the moment of a-C formation and to estimate the glass
transition temperature of liquid carbon at about 3000 K.

As a result of the study of short range and medium
range orders, structural features of the graded a-C were
identified. Structural analysis methods were used, including
the calculation of the carbon atoms distribution according to
the degree of hybridization of the chemical bond (sp-, Sp?-,
Sp3-), RDF, ADF, and statistical analysis of rings.

The calculation of the carbon atoms distribution according
to the degree of hybridization confirmed the trend towards
the increase in the content of sp'-bonds in amorphous
carbon with increase in the quenching rate and decrease
in the a-C density.

The differential analysis of RDF made it possible to justify
the occurrence of a pronounced RDF peak near 1.24 A,
which is due to a significant number of carbon atoms
with sp!-hybridization in a-C, and the number of atoms
increases at high quenching rates 10'3, 10'4 K/s.

As a result of the statistical analysis of the rings and ADF
analysis we explain the appearance of the asymmetry of the
second RDF peak in a-C near 2.5 A at high quenching rates
due to the presence of tetratomic rings. This asymmetry
is a characteristic for the medium range order in many
amorphous materials

The differential analysis of ADF made it possible to
identify the physical nature of the wide peak appearance
in the vicinity of 175°, which occurred due to the formation
of numerous bent chains of carbon atoms with sp!-
hybridization in a-C.

The ADF peak in the vicinity of 60° is due to the
presence of highly stressed triatomic carbon rings in the
a-C structure, which initially occurred in high-temperature
liquid carbon. When quenched at sufficiently high rates,
they do not have time to break down and remain in the
resulting a-C.

The decrease in the rate of liquid carbon quenching
with the distance from the diamond substrate leads to
heterogeneity of the a-C structure, and thus to the formation
of graded a-C. Near the diamond substrate a-C has a highly
porous structure of low density 1.5g/cm?® with rather high
content of curved chains (34.6%) of carbon atoms with
sp!-hybridization. ~Further, with the distance increasing
from the substrate, a-C gradually transforms into practically
completely graphitized carbon containing 95% of atoms
with sp*-hybridization, with a density of 1.93 g/cm?, close to
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the density of graphite, i.e. 2 g/cm®. The structure of such a-
C is a randomly interlaced graphene-like layers, sometimes
such a-C is called amorphous graphene.
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