
 . 539.216:546.26-152 

.

-

. . , . . , . .
- , .  1 

61108 ,

E-mail byshkin@kipt.kharkov.ua 

 10  2007 .

- , .

. , ,

, ,

 sp3 , .

 4-  30-40%  13 , ,

.

: , , , ,

 (aC) 

:  sp3 , sp2  sp1 .

 aC - .  T < 1000 K 

 aC .  aC 

.

 aC , ,

, , . . ,

.

.

 “ ” sp3 , . . 4-

. ,

, .

 [1,2]. 

 aC , .

    (ta-C) 

 20  500 .

 30 .  sp3  ta-C :

 [3]  [1], 

 [4]  [2,5], ,

.

 [6,7]  ( )

 aC.  [7] 

 4-

.  [8], ,

, ,

 4- .

 aC .

 aC.  – 

. ,  aC – 

, , , .  aC 

,

 aC.

. N = 13824 .

. ,

,  [10] ,

 0,4 – 0,7 . .

81
«Â³ñíèê Õàðê³âñüêîãî óí³âåðñèòåòó», ¹ 781,  2007 Ì.Ñ. Áûøêèí, À.Ñ. Áàêàé, À.À. Òóðêèí

ñåð³ÿ ô³çè÷íà «ßäðà, ÷àñòèíêè, ïîëÿ», âèï.3 /35/ Ïåðêîëÿöèÿ è ôàçîâûé ïåðåõîä â àìîðôíîì ...



VEP k 3/)(2 , (1)

e 2/)(STr  - , S - , 32 TkE Bk  - 

.  [11]. 

,  [12]. 

,

. ,

,

(tight-binding: TB) [13]. ,

, ,

, .

F O(N)  [14] 

min)))(3223( IHFFtr , (2)

 - ,  - .

. O(N)  [15], 

tr(F)=2N=const. O(N)  2-3 

 (2)  0,001 / .

3/)2( 1211 ccK

. 2/)( 121144 ccc ,

 [16]. 

)3/(9 KKY . (3)

,

 0,18 , . . .

 aC .  aC 

 [9]. ,

 [8],  aC ,

.

 1 K/ .

 aC 

. ,  2500, 2800  3100 K, V

Z P . 1 .

Z(P)( . 1 ) V(P) ( . 1 )  27,5 .

, ,

 30 . . 1 .

 3500 K,  20 . ,

Z(P) V(P)

 30 .

- -

 0,5 %, 43 cZ , 4c   -  4-

. . 1

. E(P)  27,5 .

,

,

,  aC, 

, , .

 2100 K. 

,

. , 0,3 .

,

82
«Â³ñíèê Õàðê³âñüêîãî óí³âåðñèòåòó», ¹ 781,  2007 Ì.Ñ. Áûøêèí, À.Ñ. Áàêàé, À.À. Òóðêèí



. ,

, . 2 . 3. 

5 10 15 20 25

3.2

3.3

3.4

,

a

10 15 20
6.09

6.31

6.53

6.75

, a

, 
A

3
/

5 25

. 2. .

)

)

.

 – ,

2500 ,  - ,

 2700 .

6.08 6.36 6.63 6.9
700

800

900 Y

K+300

,

, A
3
/

. 3.  aC 

. Y,  – 

B.

a

20 25 30 35
3.25

3.30

3.35

3.40

3.45

, T=2525 K

, T=2800 K

, T=3100 K

, T=3500 K

,

20 25 30 35
6.0

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

7.0
, T=2525 K

, T=2800 K

, T=3100 K

, T=3500 K

,
3
/

,

15 20 25 30 35 40
-7.07

-7.06

-7.05

-7.04

-7.03

-7.02

-7.01
, T=2525 K

E
-1

,5
k

B
T

, 
/

,

, T=2800 K

.1.

.

: a) , )

)

.

83
ñåð³ÿ ô³çè÷íà «ßäðà, ÷àñòèíêè, ïîëÿ», âèï. 3 /35/ Ïåðêîëÿöèÿ è ôàçîâûé ïåðåõîä â àìîðôíîì ...



,

. ,

, . . ,

. . 2  12-14 .

, .

 2-  3%. 

. . 3 

.  10-12 

Y, B

. ,

, .

 [7] 

,

 4-

, , . .

 4-

.  4-

,

.

 [17]. 

Q, ,

. 4 .

. ,

,  ( . 1), 

 ( . 2, 3), 

, , .

,

. ikw , i-

k- . . 5 3444 ww . ,

 27,5 ,  ( . 4) 

 ( . 1), ,

.

ikw . ,

 4-  4- ,

, 4
44w .

, .

. 6 )(sn  4-

.

ssn )(  , 18,2   [27] . . 6 ,

s, s<5. ,  4-

.

,

.

,

0 10 20 30 40
0

0.2

, 
Q

  

0.4

.4.  aC 

.

 4-

84
«Â³ñíèê Õàðê³âñüêîãî óí³âåðñèòåòó», ¹ 781,  2007 Ì.Ñ. Áûøêèí, À.Ñ. Áàêàé, À.À. Òóðêèí



, -  4-

, ,

. s  5, 

s  100, .

,

, . ,

.

. 7 

 4-

 aC 

 [18,19], 

 ab initio  [6]. 

 aC –  [20]; 

 8 

 10-14 . ,

- -  (P = 

13 , T = 3700 K) [21].  

 4-

,

. . 7. 

1150 -1,  [18, 22-25]. 

20 25 30 35
0.03

0.02

0.01

0

0.01

0.02

,

w
4

4
-w

3
4

.5.

.

1 10 100
0.1

1

10

100

1000

n
(s

)

 s

.6.  4-

.
18,21700 s

2 4 6 8 10 12 14 16 18 20 22

10

20

30

40

50

60

 s
p

3
, 

%

,

 Ab initio

.7.  4-

.

 -  [18,19] ,  

 – an-inito [6],  

 – 

85
ñåð³ÿ ô³çè÷íà «ßäðà, ÷àñòèíêè, ïîëÿ», âèï. 3 /35/ Ïåðêîëÿöèÿ è ôàçîâûé ïåðåõîä â àìîðôíîì ...



 [8] ,

, ,  5000 K 

 4- .

aC ,

. - ,

, ,

, -

, ,  ( , ).

1.  aC .

 aC  30 a

, . ,

 4-

.

2.

,

.  13 a

,

.

3.

: 4-

.

4.  aC. 

 13 a  sp3  30–40%,  aC 

, .

.

1. Robertson J. Diamond-like amorphous carbon // Mater. Sci. Eng. – 2002. - Vol. 37.- P.129-281. 

2. McKenzie D.R. Tetrahedral bonding in amorphous carbon // Rep. Prog. Phys. - 1996. - Vol. 59. - P. 1611-1664. 

3. Lifshitz Y., Kasi S.B., Rabalais J.W, Eksteine W. Subplantation model for films growth hyperthermal species // Phys. Rev. 

B.-  1990.- Vol. 41.- P. 10468-10475. 

4. Reinke S., Kuhr S., Kulisch W. Mechanisms in ion induced c-BN growth // Diamond Relat. Matter. – 1994.- Vol. 3.- P. 341-

345.

5. McKenzi D.R., Muller D., Pailthorpe B.A. Compressive-stress-induced formation of thin film tetrahedral amorphous carbon 

// Phys. Rev. Lett. – 1991.- Vol. 67.- P. 773-776. 

6. McCulloch D.G., McKenzie D.R., Goringe C.M. Ab initio simulations of the structure of amorphous carbon // Phys. Rev. B. 

-  2000.- Vol. 61.- P. 2349- 2355. 

7. Bakai A.S., Fateev M.P., Turkin Yu. A. Topology, Properties and Thermodynamics of amorphous carbon // Nanostructured 

Carbon for Advanced Applications (Eds G.Benedek, P. Milani and V. G. Ralchenko). - Kluwer Academic Publisher, Netherlands, 

2001.- P. 185-198. 

8. Byshkin M.S., Bakai A.S., Turkin A.A. Molecular dynamics simulation of phase transitions in liquid carbon // Problems of 

86
«Â³ñíèê Õàðê³âñüêîãî óí³âåðñèòåòó», ¹ 781,  2007 Ì.Ñ. Áûøêèí, À.Ñ. Áàêàé, À.À. Òóðêèí



Atomic Science and Technology.- 2007.-  3(2).- P. 363-367. 

9. Kelires P.C. Intrinsic stress and local rigidity in tetrahedral amorphous carbon // Phys. Rev. B. – 2000.- Vol. 62.- P. 15686-

15694.

10.  Verlet L. Computer “experiments” on classical fluids // Phys. Rev. – 1968.- Vol. 159.- P. 98-103. 

11. Berendsen H.J.C., Postma J.P.M., Gunsteren W.F., DiNola A., Haak J.R. Molecular dynamics with coupling to an external 

bath // J. Chem. Phys. – 1984.- Vol. 81.- P. 3684-3690. 

12. Tersoff J. Modeling solid-state chemistry: Interatomic potentials for multicomponent systems // Phys. Rev. B. – 1989.- 

Vol. 39. - P.5565-5568. 

13. Xu C.H, Wang C.Z., Chan C.T., Ho K.M. A transferable tight-binding potential for carbon // J. Phys.: Condens. Matter. -

1992. - Vol. 4.- P. 6047-6054.

14. Li X.P., Nunes R.W., Vanderbilt D. Density-matrix electronic-structure method with linear system-size scaling // Phys. 

Rev. B.  -1993.- Vol. 47.- P.10891-10894.

15. Xu C.H., Scuseria G.E. An O(N) tight-binding study of carbon clusters up to C8640: the geometrical shape of the giant 

icosahedral fullerenes // Chem. Phys. Lett. – 1996.- Vol. 262.- P. 219-226. 

16. Mehl M.L., Osburn J.E., Papaconstantopoulos D.A., Klein B.M. Structural properties of ordered high-melting-temperature 

intermetallic alloys from first-principles total-energy calculations // Phys. Rev. B. – 1990.- Vol. 41.- P.10311-10323. 

17. Staufer D., Ahorony A. Introduction to percolation theory.- Taylor&Francis. Great Britain. - 1994.-180 P. 

18. Schwan J., Ulrich S., Roth H., Ehrhardt H., Silva S.R.P., Robertson J., Samlenski R., Brenn R. Tetrahedral amorphous 

carbon films prepared by magnetron sputtering and DC ion plating // J. Appl. Phys. – 1996.- Vol. 79.- P.1416-1422. 

19. Schwan J., Ulrich S., Theel T., Roth H., Ehrhardt H., Becker P., Silva S.R.P. Stress-induced formation of high-density 

amorphous carbon thin film // J. Appl. Phys. – 1997.- Vol. 82.- P. 6024-6030.   

20. Manghnani M.H., Tkachev S., Zinin P.V., Zhang X., Brazhkin V.V., Lyapin A.G., Trojan I.A. Elastic properties of 

superhard amorphous carbon pressure-synthesized from C60 by surface Brillouin scattering // Phys. Rev. B. 2001. - Vol. 64.- P. 

121403-1-121403-4.

21. Bundy F.P., Bassett W.A., Weathers M.S., Hemley R.J., Mao H.K., Goncharov A.F. The pressure-temperature phase and 

transformation diagram for carbon // Carbon. – 1996. – Vol. 34.- P. 141-153.

22. Chen Z.Y., Zhao J.P., Yano T., Ooie T., Yoneda M., Sakakibara J. Observation of sp3 bonding in tetrahedral amorphous 

carbon using visible Raman spectroscopy // J. Appl. Phys. – 2000.- Vol. 88.- P. 2305-2308.   

23. Nemanich R.J., Glass T.J., Lucovsky G., Shroder R.E. Raman scattering characterization of carbon bonding in diamond 

and diamondlike thin films // J. Vac. Sci. Technol. A. -1988.- Vol. 6.- P. 1783-1787. 

24. Silva S.R.P., Amaratunga G., Salje E., Knowles K. Evidence of hexagonal diamond in plasma-deposited films // J. Mater. 

Sci. -1994. - Vol. 29.- P. 4962-4966.

25. Wagner J., Wild C., Koidl P. Resonance effects in Raman scattering from polycrystalline diamond films // Appl. Phys. 

Lett. -1991.- Vol. 59.- P.779-781.

PERCOLATION AND PHASE TRANSITION IN AMORPHOUS CARBON. MOLECULAR-DYNAMICAL 

SIMULATION

M.S. Byshkin, A.S. Bakai, A.A. Turkin 

National Science Center Kharkov Institute of Physics and Technology, 61108 Kharkov, Ukraine 

E-mail: byshkin@kipt.kharkov.ua 

The molecular-dynamical investigation of amorphous carbon formed by quenching the melt is performed. The peculiarities are found

on the pressure dependences of physical properties of amorphous carbon. It is shown, that these peculiarities are observed at the

pressure value at which the percolation cluster of atoms in sp3 configuration arises and correlation of configurations of neighboring 

atoms changes in jump-like manner. The values of concentration of 4-fold coordinated atoms 30-40 % and pressure 13 GPa, at which

the peculiarities are observed, are in a good agreement with results of other authors. 

KEY WORDS: glass transition, percolation, phase transition, atom configuration, nanocrystal. 
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