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Thermodynamic properties and phase transformations in amorphous carbon and in supercooled liquid carbon are
studied by the method of molecular dynamics (MD). The dependence of the diamond melting temperature on pres-
sure is found. The percolation properties of structures of liquid carbon with embedded diamond nanocrystals are
studied. It is shown that sp’ atoms form a percolation cluster in the simulation volume when their total concentration
reaches the value close to 0.38. At temperatures less than 5000 K the stability of diamond nanocrystals correlates
with the existence of percolation cluster of sp® atoms. We propose the following topological criterion: amorphous
carbon is diamond-like if the percolation cluster exists and the embedded diamond nanocrystals are stable.

PACS: 81.05.Uw, 61.43.Bn, 64.70.Ja, 61.46.+w, 64.60.Ak

1. INTRODUCTION

The multiplicity of structural forms of carbon origi-
nates from the structure of its electron shells. Depend-
ing on the hybridization of electron shells carbon may
form 2, 3 or 4 covalent bonds. Amorphous carbon (aC),
in which sp’ bonds dominate, exhibit diamond-like
properties; in a graphite-like amorphous carbon the ma-
jority of atomic bonds are sp° [1,2].

Along with experiments the MD computer simula-
tion helps to determine the nature of amorphous carbon
and the origin of its unusual properties. In MD simula-
tions described in [3] the phase transformation between
the graphite-like aC and the diamond-like aC has been
observed. Besides the glass transition temperature 7,
was identified and its pressure dependence was deter-
mined. Using these results the phase diagram of aC has
been constructed. However, thermodynamic and structural
properties of both liquid and amorphous carbon were not
studied in detail. In particular, the question of existence of
correlation between the topology of clusters of 4-fold co-
ordinated atoms in structures of glass and liquid with the
phase transition was not studied systematically.

In this communication we continue the MD investi-
gation of liquid and amorphous carbon. The form of aC
with high concentration of sp® atoms is called tetrahe-
dral amorphous carbon (ta-C). Raman scattering ex-
periments with ta-C revealed a peak which has been
attributed to the diamond nanocrystals present in ta-C
[4-8]. The idea of diamond nanocrystals has been pro-
posed by McKenzie [1]. It was used recently in [9] to
define the ta-C as the form of a-C in which the embed-
ded diamond nanocrystals are stable. In [9] the authors
studied the stability of diamond nanocrystals embedded
in amorphous carbon; however they observe neither
gro7wth nor melting of these nanocrystals. This effect
could be due to slow atomic dynamics in amorphous
state. Here we study the stability of diamond nanocrys-
tals embedded in supercooled liquid carbon and propose
the topological criterion for their stability at low tem-
peratures.
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2. SIMULATION METHOD

The computer studies of amorphous carbon are restricted
to its highly non-equilibrium forms, because of extremely
slow dynamics in glassy state, which requires enormous
computational time (i) to simulate annealing similar to that
in real experiments and (ii) to obtain well relaxed samples.

Below we perform the constant pressure MD simu-
lation. The periodic boundary conditions were applied
to the simulation volume that contained 13824 carbon
atoms. The Newton equations for the classic motion of
atoms were solved using the Verlet algorithm [10] with
the time step ranging from 0.4 fs to 0.7 fs. To calculate
the interaction forces between atoms the empirical po-
tential proposed by Tersoff [11] was used. The Tersoff
potential proved to be successful for modelling cova-
lently bonded materials and amorphous carbon in par-
ticular [9, 12, 13]. The simulation results obtained with
the Tersoff potential agree qualitatively with the behav-
iour of real materials. In the literature the calculation of
cohesive energy with ab inito [14] or tight-binding
methods [15] is considered to be more accurate than
MD simulation with the Tersoff potential, but these
methods are unsuitable for our problem since they are at
least several orders of magnitude more slow.

In each integration step the stress tensor S was cal-
culated. The pressure is derived as P=2(E, —E)/3V,

where = =T7r(S)/2 is the virial and E, =1.5kzT is the

mean kinetic energy of atoms in the structure. The Ber-
endsen algorithm [16] was used to control the pressure
and the temperature. To generate the structure with em-
bedded crystallites the method of Berendsen was modi-
fied to keep the density of crystallites constant when the
simulation volume changes. The atomic volume in crys-
tallites was calculated as the mean volume of Voronoi
polyhedrons constructed around internal atoms of crys-
tallites. The coordination number of each atom was
found by counting neighboring atoms within the dis-
tance of 0.18 nm, i.e. in the first coordination sphere.

The mean atomic coordination Z in the structure was
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found by averaging the coordination numbers over all
atoms of the structure including 4-fold coordinated at-
oms of diamond crystallites.

3. RESULTS AND DISCUSSION

3.1. GENERATION OF STRUCTURES WITH
EMBEDDED DIAMOND CRYSTALLITES

The structures with embedded diamond crystallites
were formed by melting and subsequent quenching the
diamond crystal at a various values of pressure. Atoms
of diamond structure where crystallite had to be formed
were fixed in the initial position. Depending on size and
number of embedded crystallites, three types of struc-
ture were considered: (i) 8 crystallites, 216 atoms in
each, (ii) 27 crystallites, 64 atoms in each, (iii) 8
crystallites, 64 atoms in each. In all three cases
crystallites formed cubic lattice. Stability of several
crystallites were studied in order to reduce the statistical
error of simulation.

After quenching the structures with embedded crys-
tals were equilibrated at a temperature 7; chosen in the
interval between glass transition temperature 7, and
diamond melting temperature. The equilibration was
done in order to equilibrate the liquid around crystals,
equilibrate the density of crystals and to obtain the
boundaries between crystals and liquid that correspond
to the minimum of free energy of the structure. The
equilibration was made in two stages. In the first stage
the structure was annealed for 30 ps keeping fixed the
positions of atoms in crystallites. In the second stage the
atoms in crystals were allowed to move and the struc-
ture were subsequently annealed at 10 K for 0.05 ps,
then at 1000 K (much less than T,) for 0.5 ps and then
at T, for 5...10 ps. We checked if the applied procedure
is sufficient for structure equilibration. 8 crystallites
with 216 atoms in each were embedded in structures. In
the first case the specific volume was 5.6 A*/atom, what
approximately correspond to the density of diamond at
value of temperature and pressure used, in the second
case the specific volume was 5.2 A*/atom, what corre-
sponds to the density of atoms at much higher pressure,
about 80 GPa. The pressure dependence of the specific
volume of crystals after equilibration at 7, = 4500 K is
shown in Fig. 1.
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Fig. 1. Specific volume of atoms of diamond crys-

tallites in equilibrated structures as a function of pres-
sure at 4500 K
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3.2. STABILITY OF CRYSTALLITES

The stability of diamond crystallites embedded in
supercooled liquid was checked in an ordinary way, i.e.
by annealing the equilibrated structures with crystal-
lites. Three types of MD experiments were done de-
pending on size and number of embedded crystallites
(see above). The results of annealing at 4500 K are pre-
sented in Fig. 2.

8 crystal, 216 atoms in crystal

T I I
S5O before annealing
| %XXX annealing time 70 ps P
35 —%  annealing time 140 ps /0/)
o X
=l o X
=] .- -
£ 34 %
.8 s
el
g
S 33 .
3.2 i
a
31 | | |
20 25 30 35 40
Pressure, GPa
27 crystals, 64 atoms in crystal
I I I
SSS Dbefore annealing
XXX i i
16 anneal%ng t¥me 70 ps A
—%  annealing time 140 ps
4
=
.8
5]
R
el
g
o
O
20 25 30 35 40
Pressure, GPa
8 crystal, 64 atoms in crystal
3.5 | | | |
S5S before annealing
XXX annealing time 35 ps
N r
345 - annealing time 70 ps ~ * _
=
.2
bS]
£ 34 -
g
o
O
335 1
C
33 | | | |
30 35 40 45 50 55

Pressure, GPa

Fig. 2. The pressure dependence of the mean
atomic coordination in structures before and after an-
nealing at T = 4500 K. The numbers of embedded crys-
tallites are indicated in figures (a), (b) and (c)



It is seen that a critical pressure exists. After anneal-
ing at pressures below this critical pressure the atomic
coordination in the structure decreases. At pressures
higher than the critical one the coordination increases.
In the first two types of experiments the critical pressure
is about 30 GPa (Figs. 2,a and 2,b), and in the third type
of structures the critical pressure is about 40 GPa
(Fig. 2,¢0).

The embedded crystals are the nucleation centers for
crystallization. At low pressure the embedded crystals
are melting and coordination decreases. Small crystals
melt faster and the coordination of structures reaches
the value of coordination of liquid after 70 ps already.
The volume of structures decreases when the coordina-
tion increases and vice-versa.

In accordance with the classical theory of nuclea-
tion, when the nucleus of a new phase is formed the free
energy of the system increases by

2/3
AGprar = nAGphase +mn / Vo

where y is the interface energy, AG 4 Is the differ-

rence of chemical potentials of two phases (in our case
these are diamond and supercooled liquid), 7 is the

factor that depends on the shape of the nucleus, and »
is the number of atoms in nucleus. In the supercooled
liquid AG <0, hence AG,,,,; <0 for large n.

There exists the critical nucleus size that corre-
sponds to AG, ,,; =0. The critical nucleus is in unstable

equilibrium with the liquid, it either melts or grows if
the pressure or temperature changes. The point in which
the annealing curves intersect (see Fig. 2), corresponds
to the unstable equilibrium of the crystallites. From
Fig. 2,a and 2,b one can see that critical pressure de-
pends weakly on the size of crystallite. One can con-
clude that the size of the critical nucleus changes rap-
idly with a small change of pressure. However when the
number of embedded crystallites of the same size is
decreased, the critical pressure increases considerably
(Fig. 2,c). In all three cases at the critical pressure the
mean coordination has the same value close to 3.37.

In [3] the authors predicted the peculiarities in be-
havior of physical properties of amorphous carbon at
the value of mean coordination, at which neighboring 4-
fold coordinated atoms form a large cluster that pene-
trates the whole structure, i.e. when concentration ¢4 of

phase

total

atoms in sp’ configuration reaches the percolation
threshold. It was found in this work that the diamond
crystallites embedded in supercooled carbon liquid are
stable if they are parts of percolation cluster. From the
percolation theory it is known that in an infinitely large
random mixture of percolating and nonpercolating sites
the fraction of sites that belong to the largest cluster

tends to zero as (p— pc)ﬂ , where p,. is the percolation
threshold, p is the fraction of percolation sites in the
structure, f~0.41 in 3D systems [17]. In our case the
percolation of sp’ atoms is studied, p=c,, the cluster

of neighboring sp’ atoms are considered. The fraction of
atoms in the largest cluster formed in structures equili-

brated at 4500 K (before annealing and crystallite sta-
bility examination) is shown in Fig. 3.
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Fig. 3. Percolation properties of structures with
embedded crystallites. Fraction of atoms in the largest
cluster of 4-fold coordinated atoms is shown versus (a)
mean concentration of 4-fold coordinated atoms in the
structure and (b) pressure

One can see that in the first two experiments the per-
colation cluster forms at the pressure close to 30 GPa;
and in the third experiment it forms at 40 GPa, that is at
pressure values above which crystallites are stable. In
all three simulation experiments the percolation
threshold p. is in the interval from 0.38 to 0.4. Note

that the approximate value of percolation threshold on
diamond lattice is 0.43. It seems that for the random 3D
mixture the concentration dependence of the fraction of
atoms in the largest cluster can be described by the

0.41
)

function (p—p, (Fig. 3,a). Thus the correlation of

percolation effects and crystallites stability is well seen
in computer experiments.

By modeling coexistence of diamond and liquid
phases [18] we have found the diamond melting tem-
perature (Fig. 4). For comparison the diamond melting
line obtained in [19] using a recent empirical potential
of atomic interaction is also shown in Fig. 4.
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Fig. 4. State diagram of carbon. -o- temperature
dependence of the pressure, at which diamond melts, on
the left of this curve the liquid is in supercooled state;
-o- diamond-liquid coexistence line [19]; -m- stability
limit for diamond crystallites embedded into the liquid
carbon, - A- glass transition temperature from [3]; -A-
glass transition temperature (this work). The star shows
the experimental estimate of liquid-graphite-diamond
triple point [20]

The stability of diamond crystallites in the structure
with 8 crystallites (64 atoms in each) was examined at
different temperatures. The temperature dependence of
the critical pressure for crystallites stability is shown in
Fig. 4. In the high temperature range this curve is paral-
lel to diamond-liquid coexistence line.
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Fig. 5. Concentration of 4-fold coordinated atoms
in structures with embedded diamond crystallites on the
crystallites stability curve (Fig. 4). In region 1 this con-
centration coincides with the percolation threshold for
sp3 atoms

The mean concentration of 4-fold coordinated atoms
in the structure and the concentration of 4-fold coordi-
nated atoms in the liquid at the critical pressure are
shown in Fig. 5 as a function of temperature. At 5250 K
a jump is seen in these plots (Fig. 4 and Fig. 5).
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At lower temperatures (region 1 in Fig. 5) the perco-
lation phenomenon correlates with the crystallite stabil-
ity. No correlation is observed at higher temperatures
(region 2 in Fig. 5).

Evidently at temperatures below 5250 K the percola-
tion cluster keeps the crystallites from melting. This
result could be explained if crystallites would touch
each other at the critical pressure. However crystallites
are situated at a rather large distance from each other. In
the case of 8 embedded crystallites with 64 atoms this
distance exceeds 8 interatomic spacings.

We explain the correlation of diamond crystallites
stability with the percolation phenomenon as follows: it
is thermodynamically favorable for 4-fold coordinated
atoms to form large clusters; hence, the percolation
cluster of neighboring 4-fold coordinated atoms joins
the diamond crystallites into one stable nucleus. In
terms of the classical nucleation theory the correlation
of the crystallite stability with the percolation may be
explained by a sharp reduction of the interface energy
y when the large percolation cluster forms. Thus the

low temperature part of the temperature dependence of
the critical pressure (solid line in Fig. 4) corresponds to
the transition from the liquid with large y (when

AGp >0) to the liquid with small y (when

AG,,1 <0). The high temperature part of this depend-

ence (the dashed line in Fig. 4) corresponds to the con-
dition of nucleus stability (AG,,;,; =0) in the liquid

with small ¥ .

In a certain sense, the glass is a frozen liquid. There-
fore the proposed percolation criterion may be also used
to determine the stability of diamond nanocrystals em-
bedded into the carbon glass. Thus, the definition of za-
C as a form of amorphous carbon in which embedded
diamond nanocrystals are stable [1,9] has to be rede-
fined as follows: amorphous carbon is tetrahedral if the
percolation cluster of neighboring 4-fold coordinated
atoms is present in its structure.

4. CONCLUSIONS

The results of MD study of the liquid carbon are
summarized as follows:

1. The pressure dependence of diamond melting
temperature has been determined.

2. The percolation properties of structures formed
by carbon liquid with embedded diamond nanocrystals
have been considered. It is shown that independently of
the number of embedded nanocrystals the percolation
cluster of neighboring 4-fold coordinated atoms forms
when the total concentration of 4-fold coordinated at-
oms in the structure reaches the value close to 0.38.

3. It has been shown that the stability of diamond
crystallites embedded into the supercooled carbon liquid
depends on the presence of the percolation cluster of 4-
fold coordinated atoms. The correlation of stability of
diamond crystallites with the percolation phenomenon
disappears at temperatures above 5000 K.

4. The topological criterion for the definition of tet-
rahedral amorphous carbon is proposed: amorphous
carbon is tetrahedral if its structure contains the percola-



tion cluster and the embedded diamond nanocrystals are
stable.
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MOJIEKYJISPHO-TAHAMUWYECKOE MOJEJIAPOBAHUE ®A30BbIX IPEBPAIIIEHUA
B KNJIKOM YIJIEPOJE

M.C. bouukun, A.C. bakaii, A.A. Typxun

MeTo10M MOJIEKYIISIPHO-ANHAMUYECKOTO MOJICIIMPOBAHMS M3yUEeHbI TEPMOJMHAMUYECKUE CBOIMCTBA U (ha3oBbIe TIpe-
BpaIlleHHs B MEPEOXIIAXICHHON KUIKOCTH yriepoaa. HalineHa 3aBUCHMOCTh TeMIepaTyphl IJIaBIeHHs ajiMas3a OT JaB-
nerust. M3ydeHs! epKOIIMOHHBIE CBOMCTBA CTPYKTYP sp° (4-KOOPIMHAPOBAHHBIX) ATOMOB, 00PA3YIOIMXCS B HKHIKOM
yIJIEpOJie C Pa3NIUYHBIM KOJMYECTBOM BHEAPEHHBIX KPHCTAJUIMTOB ajMa3za. [lokazaHo, 4TO HE3aBUCHMO OT KOJIMYECTBa
BHEJIPEHHBIX KPUCTAJUTUTOB ajiMa3a, MPOTEKAIOIINH KnacTtep 4-KOOpAWHUPOBAHHBIX aTOMOB BO3HHMKAET, KOI/la UX CyM-
MapHas KOHLUEHTpALMs B CTPYKTYpe JOCTHTraeT BenudrHbl Onu3koi k 0.38. OxasbIiBaeTcs, YTo yCTOHYMBOCTH KpUCTAJ-
JIUTOB ajIMa3a, BHEIPEHHBIX B MEPEOXNAKICHHYIO JKHIKOCTh, KOPPEIUPYeT ¢ HAIMYHEM IIPOTEKAIOLIEro Kiactepa sp
aToMoB. CBsi3b YCTOMYMBOCTH KPHCTA/UIMTOB C MPOTEKaHWEM mcue3aeT mpu temmeparype oonee 5000 K. TIpemnoxen
TONOJIOTUYECKUI KPUTEPUI /I ONpEIENIeHUs] TeTparoHaIbHOTO (ajIMa3oro00HOro) yrieposa: aMOpgHbINA yrieposn
SIBJISICTCSL aIMa30IOA00HBIM, €CIIH B HEM CYLIECTBYET MPOTEKAOIINI KIIaCTep U BHEAPEHHbIE KPUCTAIUITUTHI ajiMasa yc-
TONYMBBI.

MOJIEKYJISSPHO-AUHAMIYHE MOJIEJIIOBAHHSA ®A30BUX IIEPETBOPEHb
Y PIAKOMY BYTJUIELIIO

M.C. buwin, A.C. bakaii, A.A. Typkin

MeTonoM MOJIEKYISIPHO-IHHAMIYHOTO MOJICITIOBAaHHS BUBYCHI TEpPMOJAMHAMIYHI BIaCTUBOCTI 1 (ha30Bi IEpeTBOPEHHS
B TEPEOXOJIOKEHIN PinuHi Byrnem?. 3HaiIeHO 3aIeXKHICTh TEMIIEPATypH IUIABJICHHS ajMasa Bil THCKy. BuBueHi mep-
KOJISIIIIHI BIACTHBOCTI CTPYKTYP sp~ (4-KOOPIMHOBAHKX) aTOMIB, 10 YTBOPIOIOTHCS Y PIAKOMY BYTJIEIEO 3 Pi3HOO Killb-
KICTIO BIPOBA/KEHHUX KPHCTATITIB anMasza. [loka3aHo, Mo He3ameXHO Bil KUTBKOCTI BOYJOBaHMX KPHUCTAIITIB anMasa,
KJacTep 4-KOOpAMHOBAaHMX aTOMIB, IO MPOTIKAa€e, BUHUKAE, KON iXHS CyMapHa KOHIIEHTPAIls B CTPYKTYpi JocsTae Be-
yauHE 65i3bKo1 110 0.38. BHSIBIISIETHCS, 10 CTIMKICTh KPUCTAIITIB aiMa3a, BIPOBAIKEHUX Y TIEPEOXOJIOKEHY PiIHHY,
KOPEJIIOE 3 HAsBHICTIO KIIACTEpA sp° aTOMIB, IO MPOTiKae. 3B'S30K CTIMKOCTI KPHCTAIITIB i3 MPOTIKAHHAM 3HHUKAE TIPH
temmiepatypi 6ipm 5000 K. 3ampornoHoBaHO TOMOJIOTIYHIN KPUTEPiil [T BU3HAYECHHS TETPAarOHAIBHOTO (aIMa30moio-
HOT0) BYIJIEIIO: aMOp(HUIT BYTIIEIb € aJIMa30IoAi0HNM, SKIIIO B HBOMY iCHY€E KJIacTep IO HPOTIKae, i BOyIoBaHi Kprc-
TaJITH anMasa CTIiHKi.
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