Pis’ma v ZhETF, vol. 82, iss. 3, pp. 134 { 137 cfl 2005 August 10

Electronic structure of fcc carbon

A. Tapia^+, G. Canto�, G. Murrieta^{+1)}, R.de Coss^{+2)}

+Departamento de Física Aplicada, CINVESTAV-Mérida, 97310 Mérida, Yucatán, México

�Centro de Ciencias de la Materia Condensada, UNAM, A.P. 2681 Ensenada B.C., México

Submitted 16 June 2005

We report ˛rst-principles calculations of the electronic structure for carbon in the fcc structure with the experimentally observed lattice parameter. The calculated orbital population shows that the chemical bond in fcc carbon is close to the s^2p^2 bonding with a small s-p hybridization. We ˛nd that, in contrast to graphite and diamond, fcc carbon exhibits metallic behavior with an electronic density of states at the Fermi level of 0.5 states/eV-atom.

PACS: 71.18.+y, 71.20.Gj, 72.15.Eb

New crystalline phases of a given material are interesting because they correspond to a different bonding arrangement and new properties can be expected. The face-centered-cubic (fcc) crystal structure does not appear on the usual pressure-temperature phase diagram of carbon [1]. However, the observation of fcc carbon (fcc-C) in nanoparticles and thin films has been reported [2 – 7]. Palatnik et al. [2] were the first to report the observation of the fcc phase of carbon, which was obtained from low temperature annealing of an amorphous carbon film with simultaneous bombardment of argon ions. After that process, syngle-crystal inclusions of ¸ 100 Å in size with a lattice constant of 3.57 Å and metallic character were observed [2, 3]. Carbon with the fcc crystal structure has also been observed at the core of carbon particles produced by plasma-chemical synthesis [4]. More recently, it was shown that a thin film of fcc carbon is formed on a diamond surface as a result of treatment in a hydrogen plasma [5 – 7]. The crystal lattice parameter of fcc carbon in thin films was determined by high-resolution transmision electron microscopy to be 3.563 Å [6, 7]. These reports on the existence of carbon thin films and nanoparticles with the fcc structure has stimulated us to study the electronic properties of fcc carbon.

The electronic density of states (DOS) of fcc-C have been studied theoretically by means of the empirical tight-binding method [5]. The tight-binding calculation for the DOS indicates that metallic behavior can be expected for fcc carbon. However, the value of the DOS at the Fermi level as well as the analysis of the electronic

1)Present address: Facultad de Matemáticas, Universidad Autónoma de Yucatán, A.P. 172 Cordemex 9310 Mérida, Yucatán, México.

2)e-mail: decoss@mda.cinvestav.mx

structure was not reported [5]. Thus, first-principles calculations appear to be essential to evaluate the electronic properties of fcc-C since, to the best of our knowledge, accurate calculations of the electronic structure for fcc-C have not been reported previously.

In this letter, we report a study of the electronic structure of carbon in the fcc structure performed by means of first-principles calculations. We present results for the charge density, band structure, Fermi surface, and density of states. From the analysis of the chemical bond and the electronic band structure, we find that fcc-C has a chemical bond very close to an s^2p^2 bonding and exhibits metallic behavior. The DOS at the Fermi level is 0.5 states/eV-atom and the main contribution is coming from p-states.

The calculations were done within the Generalized Gradient Approximation (GGA) to the Density Functional Theory (DFT). The electronic structure of carbon with the fcc structure was determined self-consistently using the pseudopotentials LCAO method [8, 9] as implemented in the SIESTA code [8 – 10]. The carbon pseudopotential was generated according to the procedure of Troullier and Martins [11] from the atomic configuration [He] 2s^2 2p^2. The core radii for the s and p orbitals were 1.5,a.u., and 1.25 a.u. for the d and f orbitals. For the expansion of the wave functions we employed a double-ζ plus polarization basis [10]. The basis for the s and p orbitals was slightly excited (270 meV) in order to limit the range of the pseudoatomic basis orbitals [12]. For the exchange-correlation potential we used the GGA as parametrized by Perdew, Burke and Ernzerhof [13]. In order to obtain the potential energy we used a grid in real space which was obtained using a mesh cutoff of 250 Ry. Integrals in k-space were performed in a finite, uniform grid of the Bril-

134 Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 3 { 4 2005 louin zone. The fineness of this grid was controlled by a k-grid cutoff, a real space radius which plays a role equivalent to the plane wave cutoff of the real-space grid [14]. For the present calculation the k-grid cutoff was 130 Å, generating 562482 k-points in the First Brillouin zone. Self-consistency was assumed when the difference between the two density matrix belonging to successive iterations was less than 10�^4. The calculation was performed at the experimental lattice parameter for fcc carbon as obtained from high resolution electron microscopy (a = 3.563 Å) [5].

In Fig.1 we show the calculated valence charge density at the (001) plane of fcc-C, where the steps in the

Fig.1. Charge density map for fcc carbon projected in the (001) plane

charge density plot correspond to 0.02 electrons/Å^3. We can see that the charge distribution is strongly spherical around the core and mostly homogeneus in the interstitial region, which are features characteristic of a metallic bonding. The electronic configuration of carbon is [He]2s^22p^2, therefore the valence band consists of s-p-like bands and is relatively simple. The calculated band structure is presented in Fig.2, where the origin in energy is at the Fermi level (EF ). The first band covering the energy range from �14 to �6 eV below the Fermi level shows a minimum at the Γ-point. This band has a strong s-character and exhibits parabolic behavior around Γ. A second set of bands consists of three bands with p-character. It is interesting to note that the p-bands are separated from the s-band by an energy gap. The s-p gap extends from �5.1 to �5.9 eV below the Fermi level. Two p-bands cross the Fermi level, indicating that fcc carbon is a metal. This result is in qualitative agreement with the observations of electrical conductivity in fcc-C reported by Palatnik et al. [2] and Jarkov et al. [15].

Fig.2. Electronic band structure for fcc carbon at the experimental lattice parameter (a = 3.563 A)

The Fermi surface properties are of special importance in metal physics, since they are related to the transport coefficients as well as to the optical properties. In order to gain insight on the transport properties of fcc-C, we have analyzed the Fermi surface [16]. In Fig.3, we show the surface of constant energy resulting from the two bands crossing the Fermi level in Fig.2. The first Fermi surface (Fig.3a) corresponding to the band centered at Γ (see Fig.2) is a closed surface with hole character. In contrast, the second Fermi surface (see Fig.3b) which corresponds to the band centered at the edges of the first Brillouin zone, form a multiply connected surface. Hence the Fermi surface of fcc-C is highly anisotropic and both kind of charge carriers, “holes” and “electrons”, are present. Therefore, rather complex galvanometric properties are expected for fcc- C, since the charge carrier orbits on the Fermi surface are not all of a single carrier type.

The calculated electronic density of states (DOS) is shown in Fig.4, where the origin in energy is at EF . The top panel corresponds to the total DOS, the middle and lower panel correspond to the s and p partial contributions, respectively. As was mentioned above, fcc-C presents metallic behavior. In particular, we found that the density of states at the Fermi level is 0.5 states/eVatom and that the main contribution comes from the p states (89%). The lower energy states correspond mainly to s-states, and are separated from the high energy p-sates by a gap of 0.8 eV. The s-states have only a small overlap with the p-states, indicating a small s-p

Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 3 { 4 2005

136 A. Tapia, G. Canto, G. Murrieta, R. de Coss

Fig.3. Fermi surface for fcc-C, corresponding to the band centered at ` (a) and to the band centered at the First Brillouin edges (b)

Fig.4. Density of states for fcc carbon at the experimental lattice parameter (a = 3.563 A)

hybridization. The orbital population by symmetry can be obtained by integrating the partial s-DOS and p-DOS up to the Fermi level. From this procedure we find that the number of electrons in the s and p orbitals are 1.98 and 2.02, respectively. There exists a very small charge transfer of 0.02 electrons from the s to the p orbitals. Thus, the chemical bond in fcc-C is close to the s^2p^2 bonding.

From the results presented above, we can see that the electronic structure of fcc-C is different to the wellknown electronic properties of graphite, diamond, and amorphous carbon [17]. Nevertheless, the electronic structure of fcc-C shows a similarity with that of lead (Pb) [18, 19], which is a tetravalent metal like carbon with an fcc ground state. It is interesting to note that in both systems there is an s-p gap below the Fermi level, however in Pb the gap is 3.5 eV [19, 20], which is much larger than for fcc-C (0.8 eV). A small s-p hybridization is also a feature common between fcc-C and Pb but, in contrast to fcc-C, the charge transfer in Pb is from the p to the s orbitals (0.18 electrons) [20]. The Fermi surface for fcc-C has a shape and complexity similar to that of Pb [21]. However, further investigation is necessary to determine the transport properties of fcc carbon, including the superconducting properties as was pointed out by Palatnik et al. [2].

In summary, we have calculated the electronic structure of fcc carbon using a first-principles pseudopotential LCAO method. We find that the electronic structure of fcc carbon is clearly different than those of graphite and diamond. The results show that fcc-C has a chemical bond very close to the s^2p^2 bonding, and is a metal with a DOS at EF of 0.5 states/eV-atom. The metallic behavior obtained from the present calculations for fcc-C is in agreement with the experimental observation of high electrical conductivity in thin films of carbon with the fcc structure. The Fermi surface of carbon in the fcc structure has a similar complexity as that of Pb(fcc). Thus, metallic fcc carbon is expected to have unique electronic properties.

The authors would like to thank Gerko Oskam for a critical reading of the manuscript. A.T and G.M. gratefully acknowledge a student fellowship from Consejo Nacional de Ciencia y Tecnología (CONACYT,

Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 3 { 4 2005

México) and CINVESTAV. This research was supported by CONACYT-México under Grants # 34501-E and # 44831.

1. D. A. Young, Phase Diagrams of the Elements, University of California Press, California, 1991.

2. L. S. Palatnik, M. B. Guseva, V. G. Babaev et al., Sov.

Phys. JETP 60, 520 (1984).

3. N. F. Savchenko, M. B. Guseva, V. G. Babaev, and L. S. Palatnik, Phys. Chem. Mech. Surfaces 4, 1816 (1986).

4. S. M. Jarkov, Y. N. Titarenko, and G. N. Churilov, Carbon 36, 595 (1998).

5. I. Konyashin, A. Zern, J. Mayer et al., Diamond Relt.

Mater. 10, 99 (2001).

6. I. Konyashin, V. Babaev, M. Guseva et al., Vacuum 66, 175 (2002).

7. M. Fatow, I. Konyashin, V. Babaev et al., Vacuum 68, 75 (2003).

8. P. Ordej«on, E. Artacho, and J. M. Soler, Phys. Rev. B 53, 10441 (1996).

9. P. Ordej«on, Physica Status Solidi (b) 217, 335 (2000). 10. J. M. Soler, E. Artacho, J. D. Gale et al., J. Phys. Condens. Matter 14, 2745 (2002).

11. N. Troullier and J. L. Martins, Phys. Rev. B 43, 1993 (1991).

12. O. F. Sankey and David J. Niklewski, Phys. Rev. B 40, 3979 (1989).

13. J. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett.

77, 3865 (1996).

14. J. Moreno and J. M. Soler, Phys. Rev. B 45, 13891 (1992).

15. S. M. Jarkov, V. S. Zhigalov, and G. I. Frolov, Proc. of Ultrafine Powders, Materials an Nanostructures, Krasnoyarsk, Russia, 17-19 December, 1996, p. 29.

16. A. Kokalj, J. Mol. Graphics and Modelling 17, 176 (1999); (http://www-k3.ijs.si/kokalj/xc/XCrySDen).

17. G. Galli, R. Martin, R. Car, and M. Parrinelo, Phys.

Rev. B 42, 7470 (1990).

18. A. D. Zdetsis, E. N. Economou, and D. A. Papaconstantopoulos, J. Phys. F: Met. Phys. 10, 1149 (1980).

19. K. Horn, B. Rihl, A. Zartner et al., Phys. Rev. B 30, 1711 (1984).

20. D. A. Papaconstantopoulos, Handbook of the Band Structure of Elemental Solids, Plenum, New York, 1986, p. 221.

21. T. S. Choy, J. Naset, J. Chen et al.,

http://www.phys.u‚.edu/fermisurface/.

Ŕĺśĳňă ć ĘİŠŤ šőň 82 ćżŕ. 3 { 4 2005