Condensed Matter Physics, 2013, Vol. 16, No 3, 33802: 1–7 DOI: 10.5488/CMP.16.33802 http://www.icmp.lviv.ua/journal

Strain energy calculations of hexagonal boron nanotubes: An ab-initio approach

S.K. Jain^∗, P. Srivastava

Nanomaterials Research Group, Computational Nanoscience and Technology Lab (CNTL), ABV-Indian Institute of Information Technology and Management, Gwalior–474015, India

Received September 3, 2012, in final form February 21, 2013

An ab initio calculations have been carried out for examining the curvature effect of small diameter hexagonal boron nanotubes. The considered conformations of boron nanotubes are namely armchair (3,3), zigzag (5,0) and chiral (4,2), and consist of 12, 20, and 56 atoms, respectively. The strain energy is evaluated in order to examine the curvature effect. It is found that the strain energy of hexagonal BNT strongly depends upon the radius, whereas the strain energy of triangular BNTs depends on both radius and chirality.

Key words: cohesive energy, curvature effect, strain energy, ab-initio calculations, boron nanotube

PACS: 31.15.A-, 06.30.Bp, 61.48.De, 62.25.-g, 71.15.Mb

1. Introduction

Boron is an electron deficient element [1] in the periodic table and possesses a richness of chemistry next to carbon. Boron has a rather fascinating chemistry. Pure boron compounds have neither purely covalent nor purely metallic character. This results in a chemical versatility, which is unique among the elements of the periodic table. Various nanostructures of boron are as follows: boron nanotubes (BNTs) [2–9] boron sheet (BS) [10, 11], boron clusters [6], boron nanowires [12–15], boron nanoribbon [16] and boron buckyball [17]. The boron sheets of various morphologies viz. hexagonal, triangular, and αboron sheet have been predicted based on ab initio calculations. However, boron sheets have not been yet synthesized experimentally. Further it has been found that α-boron sheet is highly stable while hexagonal boron sheet is least stable among these conformations. The boron nanotubes rolled from these BS have also been investigated and consequently it has been predicted that all the BNTs are metallic independent of diameter and chirality. The experimental synthesis of pure BNTs [18, 19] has confirmed the existence of BNTs. Moreover, BNTs have a lot of morphologies such as hexagonal, triangular and α-BNTs in contrast to only one morphology of CNTs i.e., hexagonal.

The Aufbau principle was proposed for elemental boron by Boustani [20] which states that stable boron cluster can be constructed of two basic units only: a pentagonal pyramidal B_6 unit and a hexagonal pyramidal B_7 unit. Further, it implies that quasiplanar [21], tubular [2, 22], convex and spherical [23] boron clusters are made of these units. Moreover, the stable BNTs and BS can be constructed of only one unit i.e. hexagonal pyramidal B_7. The existence of quasiplanar clusters or sheet was recently confirmed by experiment [24], in perfect agreement with earlier theoretical predictions [25]. Beyond the Aufbau principle, hexagonal structures are also possible. Recently, it has been revealed that the thinnest CNT-like-BNTs are stable as predicted by Dongju [26] which confirmed the existence of hexagonal BNTs. Bezugly et al. [27] have predicted the boron nanotube to be highly conductive. The boron nanotubes that we have considered are armchair (3,3), zigzag (5,0), and chiral (4,2) because the CNT of the same chirality has been investigated [28–30] theoretically as well as experimentally. Therefore, the comparison in the properties of the tubes can be studied in order to distinguish them. It is brought out that zigzag (5,0) CNT

∗E-mail: sandeepjain@iiitm.ac.in, phone: +91-751-2449814, Fax: +91-751-2449814

© S.K. Jain, P. Srivastava, 2013 33802-1 is found to be metallic in contrast to semiconducting (as per zone folding prediction). This transition is attributed to the curvature effect. To our best knowledge, curvature effect is also a prominent one at small diameters which can be examined through strain energy calculations. The strain energy is a function of diameter and/or chirality. As the diameter increases, the curvature energy decreases. Consequently, curvature energy is more dominant at a small diameter. In this paper we have studied the effect of curvature in the hexagonal BNTs of small diameters.

2. Computational methodology

We have performed pseudopotential plane wave calculations for determining the curvature effect of small diameter BNTs. The geometrical structures of BNTs are optimized and then the total energy of ground state is calculated by using DFT based CASTEP [31] simulation tool. The plane wave cutoff energy is set to be 320 eV and exchange correlation effects are described by a generalized gradient approximation (GGA) proposed by Perdew-Burke-Ernzehrof (PBE) [32]. The integration is performed in the first brillouin zone [33] by using the k-points generated by 1 × 1 × 8 grid parameters. These indicated parameters are sufficient to optimize the structures until the force on each atom becomes less than 0.03 eV/Å. Moreover, self-consistency has been obtained on these parameters for other calculations. The ultrasoft pseudopotential [34] is used in the reciprocal space. Similar calculations are also separately performed by Mao et al. [35] , Wang et al. [9], and Tian et al. [36]. The intertubular distance is kept fixed 10 Å in order to avoid a periodic image interaction. The bond length B-B is chosen to be 1.67 Å before optimization. The considered conformations of BNTs include armchair (3,3), zigzag (5,0) , and chiral (4,2) consisting of 12, 20, and 56 atoms, respectively. These tubes are periodic along z-axis. The diameters of these tubes are 4.60 Å, 4.78 Å, and 4.87 Å for (5,0), (3,3), and (4,2) BNTs, respectively. In addition, non-spin-polarized calculations are performed.

3. Results and discussion

The ab-initio calculations are carried out for boron nanotubes (BNTs) viz. zigzag (5,0), armchair (3,3), and chiral (4,2) of diameters 4.60 Å, 4.78 Å, and 4.87 Å, respectively, with the number of atoms 20, 12, and 56, respectively. The strain energy of a nanotube is defined as the amount of energy required to bend a sheet into nanotube. Thus, strain energy is the difference of cohesive energies between the sheet and nanotube i.e., E_{strain} = E_{sheet} − E_{NT} (R,θ), where E_{sheet} and E_{NT} are the cohesive energies [33] of the sheet and tube, respectively. Strain energy E_{strain} quantifies (1) the difference in cohesive energy among different (R,θ) nanotubes, (2) the deformation energy per atom, which is necessary to roll up a single sheet into a nanotube of certain radius and chiral angle (θ), and (3) it is a measure of the mechanical tension of a nanotube. This tension stabilizes the tubular shape.

For CNTs the strain energy effectively depends on the radius R rather than on the chirality (θ) E_{strain} = E_{strain}(R). This radial dependence makes it possible to understand that the radius is just a measure for the curvature of a CNT, and the smaller its radius the more energy is needed to bend a Graphene sheet into CNT. The strain energy is independent of chirality which is attributed to the nearly isotropic in-plane mechanical properties of the Graphene sheet. It was found for CNTs that the diagonal elements of the elastic tensors are the same due to hexagonal symmetry of the honeycomb lattice [37]. Therefore, when stretching a Graphene sheet along different in-plane lattice directions, one observes the same stiffness, and the systems behave like a homogeneous 2D continuum. From a chemical point of view this mechanical isotropy is caused by a hexagonal network of stiff sp^2σ bonds. Thus, when rolling up a graphene sheet along different in-plane directions to form various nanotubes with similar radii, this process requires similar deformation energies. Therefore, E_{strain} will be independent of the chirality of the CNT. This mechanical behavior is analogous to a simple sheet of paper that is rolled up to form a tube. This process will require little energy for big radii and more energy for small radii. However, due to the isotropic in-plane mechanical properties of the paper sheet, the energy needed to roll up a paper tube is independent of the roll up direction. A similar behavior is also known for BN [38, 39], BC_3 [40] and MoS_2 [41] nanotubes.

33802-2

Further, it had been reported for triangular boron sheet that stretching the sheet along its armchair direction will be much harder than stretching it along its zigzag direction [42]. The bending of the sheet along the armchair direction, which involves the bending of rather stiff σ bonds, will take more energy (strain energy) than bending the BNTs along their zigzag direction, where no σ bonds will be affected. It is investigated that the armchair BNTs have high strain energy, whereas zigzag BNTs have nearly vanishing strain energies. Thus, the strain energy of triangular BNTs depends on their radii and on their chiral angles i.e., E_{strain} = E_{strain}(R,θ). Thus, the triangular boron sheet basically behaves like a piece of cloth that is reinforced along one direction with parallel chains of stiffeners (the σ bonds). Bending the cloth along the lines of stiffeners (armchair direction) takes much more energy than bending the cloth perpendicular to it (zigzag direction). The calculations further predict that BNTs are always metallic, independent of their radii and chiralities. The Fermi surface of the triangular boron sheet has some well pronounced contours in the 2D Brillouin zone, and backfolding of the Fermi surface into the 1D Brillouin zone of a BNT is possible for any radius and any chirality [4]. For Graphene, on the other hand, the Fermi surface just exists at the k-points of the Brillouin zone, and backfolding of these special points into the 1D Brillouin zone of a (n,m) CNT is possible, but only if (n − m) turns out to be a multiple of 3 [37]. Thus, for CNTs their electronic properties (semiconducting versus metallic) vary quite strongly with radius and chiral angle, but their energies are independent of chirality. BNTs are just the opposite, in the sense that their electronic properties will not depend on the structure type but their total energies actually do. To our knowledge, this is the first nanotubular system for which the theory predicts a direct control over its basic structural and electronic properties. The spectrum of nanotube radii obtained during the synthesis of CNTs will depend on the specific reaction conditions (temperature, pressure, catalyst, reaction gas, etc.), and it can be shifted and/or broadened by changing these conditions. Nevertheless, the CNT chiralities remain random and rather uncontrollable. This was demonstrated by Iijima et al., Bethune et al. and Journet et al. [43–45] , who were all synthesizing single walled CNTs using the arc-discharge method, but they reported different mean diameters of 1.0, 1.2 and 1.4 nm, respectively.

Furthermore, they noted that the chiral angles varied quite strongly for a given tube diameter. This is a direct consequence of the E = E(R) dependence of CNTs, because during synthesis the reaction conditions just determine a certain energy range for the resulting nanotubes which gives a certain range of radii but leaves the chirality totally unspecified. In contrast to this, the energies of nanotubes like BNTs, which are derived from a sheet with anisotropic in-plane mechanical properties, strongly depend on their chiralities and radii E = E(R,θ), and the reaction conditions will effect both structural parameters. Such a behavior might ultimately allow for better structure control among nanotubular materials, because now the different chiral angles should be energetically separable and thus experimentally accessible.

Figure 1. (Color online) (a) Cohesive energy is shown as a function of diameter, and (b) Strain energy is shown as a function of diameter.

In this study, we have considered boron nanotubes (BNTs) of hexagonal lattice structure. Therefore, the chiral angle θ of BNTs ranges from 0^∘ to 30^∘. Thus, BNTs and CNTs relate to reference lattices of the same symmetry, and, therefore, one has to use the same chiral indices i.e., (n,m) for both CNTs and

33802-3

BNTs. When stretching a boron sheet along different in-plane lattice directions, the same stiffness is observed, and the system behaves like a homogeneous 2D continuum. From a chemical point of view this mechanical isotropy is caused by a hexagonal network of stiff sp^2σ bonds. Thus, the rolling up of a boron sheet along different in-plane directions to form various nanotubes with similar radii requires similar deformation energies. Therefore, E_{strain} will be independent of the chirality of the hexagonal BNT. This mechanical behavior is analogous to a simple sheet of paper that is rolled up to form a tube. This process will require little energy for big radii, and it is becoming more and more costly with decreasing radii. But due to the isotropic in-plane mechanical properties of the paper sheet, the energy needed to roll up a paper tube is independent of the roll up direction.

It is evident from figure 1 that the structural stability depends on diameter. The cohesive energy increases with the diameter. Therefore, it reveals that chiral BNT (4,2) is the most stable and zigzag (5,0) is the least stable while armchair (3,3) is in between the two. The cohesive energies of hexagonal boron sheet and BNTs have been taken (6.03 eV) from references [27] and [46], respectively. It is clearly illustrated that the effect of curvature decreases as the diameter increases and strain energy tends to zero for BNTs of large diameter. Thus, it is evident from figure 1 that curvature plays a significant role at small diameter and the zigzag (5,0) BNT possesses high curvature energy followed by armchair (3,3) and chiral (4,2).

Furthermore, the charge density distribution of the considered BNTs has been studied in the framework of DFT. The bond length of optimized armchair (3,3) BNT is explicitly shown in figure 2 and brings out that the circular cross section is extended as the bond length (1.80 Å) is increased while along the axial direction, the bond lengths are contracted to 1.516 Å showing strong bonding. The Charge density distribution of the same BNT shows more density along axial direction which results in strong bonding. The charge accumulated between two atoms indicates strong and covalent bonding between them.

(a) (b)

Figure 2. (Color online) (a) Optimized structure of armchair (3,3) BNT with bond lengths, and (b) Charge density is shown in armchair (3,3) BNT.

(a) (b)

Figure 3. (Color online) (a) Optimized structure of zigzag (5,0) BNT with bond lengths, and (b) Charge density is shown in zigzag (5,0) BNT.

In the case of zigzag BNT, the bond length between atoms is observed to be almost the same i.e., 1.67 Å as depicted in figure 3. The charge density distribution showing the high density between the atoms

33802-4

(a) (b)

Figure 4. (Color online) (a) Optimized structure of chiral (4,2) BNT with bond lengths, and (b) Charge density is shown in chiral (4,2) BNT.

representing the covalent nature of bonding in zigzag (5,0) BNT. The bond lengths remain the same after optimization.

The bond lengths along circular cross section are extended which results in an increased diameter and in a curving effect as demonstrated in figure 4. The charge density distribution is also consistent with the optimized structure. The density is greater along the axial direction and results in strong bonding.

4. Conclusion

We have carried out ab initio calculations in order to evaluate the strain energy of small diameter boron nanotubes in the framework of density functional theory. We have considered three conformations of BNTs viz. armchair (3,3), zigzag (5,0), and chiral (4,2). All these tubes have nearly the same diameters (i.e., < 0.5 nm). Moreover, zigzag (5,0) BNT is the smallest and chiral (4,2) BNT is the largest while armchair (3,3) is in between the two in size. In this paper, we have calculated the strain energy of small BNTs of diameter < 0.5 nm and it turns out that the strain energy of chiral BNT is the least followed by armchair and zigzag BNTs. The curvature energy decreases with an increasing diameter. Thus, it is evident that the effect of curvature is noticeable at a small diameter. It is also found that the charge density distribution is also consistent with bond lengths.

Acknowledgement

We are very thankful to the Computational Nanoscience & Technology Lab (CNTL), ABV-Indian Institute of Information Technology & Management, Gwalior (India) for providing computational facilities. We are also thankful to Accelery Inc for providing the perpetual license of CASTEP 4.4 simulation tool.

References

1. Paulling L., Nature of chemical bond, Cornell University Press, 1960. 2. Boustani I., Quandt A., Europhys. Lett., 1997, 39, 527; doi:10.1209/epl/i1997-00388-9. 3. Boustani I., Quandt A., Hernandez E., Rubio A., J. Chem. Phys., 1999, 110, 3176; doi:10.1063/1.477976. 4. Kunstmann J., Quandt A., Phys. Rev. B, 2006, 74, 035413; doi:10.1103/PhysRevB.74.035413. 5. Yang X., Ding Y., Niz J., Phys. Rev. B, 2008, 77, 041402; doi:10.1103/PhysRevB.77.041402. 6. Singh A., Sadrzadeh A., Yakobson B., Nano Lett., 2008, 8, 1314; doi:10.1021/nl073295o. 7. Ding Y., Ni J., Front. Phys. China, 2009, 4, 383; doi:10.1007/s11467-009-0028-4. 8. Kunstmann J., Quandt A., Chem. Phys. Lett., 2005, 402, 21; doi:10.1016/j.cplett.2004.11.130. 9. Wang J., Liu Y., Li Y., Chem. Phys. Chem., 2009, 10, 3119; doi:10.1002/cphc.200900632. 10. Lau K., Pandey R., J. Phys. Chem. C, 2007, 111, 2906; doi:10.1021/jp066719w. 11. Tang H., Ismail-Beigi S., Phys. Rev. Lett., 2007, 99, 115501; doi:10.1103/PhysRevLett.99.115501.

33802-5

12. Otten C., Lourie O., Yu M., Cowley J., Dyer M., Ruoff R., Buhro W., J. Am. Chem. Soc., 2002, 124, 4564;

doi:10.1021/ja017817s.

13. Wang Y., Duan X., Appl. Phys. Lett., 2003, 82, 272; doi:10.1063/1.1536269.

14. Cao L., Liu J., Gao C., Li Y., Li X., Wang Y., Zhang Z., Cui Q., Zou G., Sun L., Wang W., J. Phys.: Condens. Matter, 2002, 14, 11017; doi:10.1088/0953-8984/14/44/420.

15. Cao L., Zhang Z., Sun L., Gao C., He M., Wang Y., Li Y., Zhang X., Li G., Zhang J., Wang W., Adv. Mater., 2001, 13, 1701; doi:10.1002/1521-4095(200111)13:22<1701::AID-ADMA1701>3.0.CO;2-Q.

16. Ding Y., Yang X., Ni J., Appl. Phys. Lett., 2008, 93, 043107; doi:10.1063/1.2965803. 17. Gonzalez Szwacki N., Sadrzadeh A., Yakobson B. I., Phys. Rev. Lett., 2007, 98, 166804;

doi:10.1103/PhysRevLett.98.166804.

18. Ciuparu D., Klie R., Zhu Y., Pfefferle L., J. Phys. Chem. B, 2004, 108, 3967; doi:10.1021/jp049301b. 19. Liu F., Shen C., Su Z., Ding X., Deng S., Chen J., Xu N., Gao H., J. Mater. Chem., 2010, 20, 2197; doi:10.1039/b919260c. 20. Boustani I., Phys. Rev. B, 1997, 55, 16426; doi:10.1103/PhysRevB.55.16426. 21. Boustani I., Surf. Sci., 1997, 370, 355; doi:10.1016/S0039-6028(96)00969-7.

22. Gindulyte A., Krishnamachari N., Lipscomb W., Massa L., Inorg. Chem., 1998, 37, 6546; doi:10.1021/ic980560n. 23. Boustani I., J. Solid State Chem., 1997, 133, 182; doi:10.1006/jssc.1997.7424. 24. Zhai H., Kiran B., Li J., Wang L., Nat. Mater., 2003, 2, 827; doi:10.1038/nmat1012. 25. Boustani I., Rubio A., Alonso J., Chem. Phys. Lett., 1999, 311, 21; doi:10.1016/S0009-2614(99)00767-8. 26. Zhang D., Zhu R., Liu C., J. Mater. Chem., 2006, 16, 2429; doi:10.1039/b517480e.

27. Bezugly V., Kunstmann J., Grundktter Stock B., Frauenheim T., Niehaus T., Cuniberti G., ACS Nano, 2011, 5, 4997;

doi:10.1021/nn201099a.

28. Machón M., Reich S., Thomsen C., Sánchez-Portal D., Ordejón P., Phys. Rev. B, 2002, 66, 155410;

doi:10.1103/PhysRevB.66.155410.

29. Yang X., Weng H., Dong J., Eur. Phys. J. B, 2003, 32, 345; doi:10.1140/epjb/e2003-00108-5. 30. Liu H. J., Chan C. T., Phys. Rev. B, 2002, 66, 115416; doi:10.1103/PhysRevB.66.115416. 31. Clark S., Segall M., Pickard C., Hasnip P., Probert M., Refson K., Payne M., Z. Kristallogr., 2005, 220, 567;

doi:10.1524/zkri.220.5.567.65075.

32. Perdew J., Burke K., Ernzerhof M., Phys. Rev. Lett., 1996, 77, 3865; doi:10.1103/PhysRevLett.77.3865. 33. Monkhorst H., Pack J., Phys. Rev. B, 1976, 13, 5188; doi:10.1103/PhysRevB.13.5188. 34. Vanderbilt D., Phys. Rev. B, 1990, 41, 7892; doi:10.1103/PhysRevB.41.7892. 35. Mao Y., Zhong J., Chen Y., Physica E, 2008, 40, 499; doi:10.1016/j.physe.2007.07.008. 36. Tian F.-Y., Wang Y.-X., Lo V.C., Sheng J., Appl. Phys. Lett., 2010, 90, 131901; doi:10.1063/1.3377790. 37. Saito V, Dresselhaus G., Dresselhaus M., Physical Properties of Carbon Nanotubes, Imperial College Press, London, 1998.

38. Rubio A., Corkill J.L., Cohen M.L., Phys. Rev. B, 1994, 49, 5081; doi:10.1103/PhysRevB.49.5081. 39. Chopra N., Luyken R., Cherrey K., Crespi V., Cohen M., Louie S., Zettl A., Science, 1995, 269, 966;

doi:10.1126/science.269.5226.966.

40. Hernandez E., Goze C., Bernier P., Rubio A., Phys. Rev. Lett., 1998, 80, 4502; doi:10.1103/PhysRevLett.80.4502. 41. Seifert G., Terrones H., Terrones M., Jungnickel G., Frauenheim T., Phys. Rev. Lett., 2000, 85, 146;

doi:10.1103/PhysRevLett.85.146.

42. Kunstmann J., Quandt A., Boustani I., Nanotechnology, 2007, 18, 155703; doi:10.1088/0957-4484/18/15/155703. 43. Iijima S., Ichihashi T., Nature, 1993, 363, 603; doi:10.1038/363603a0.

44. Bethune D., Klang C., De Vries M., Gorman G., Savoy R., Vazquez J., Beyers R., Nature, 1993, 363, 605;

doi:10.1038/363605a0.

45. Journet C., Maser W., Bernier P., Loiseau A., Lamy de La Chapelle M., Lefrant S., Deniard P., Lee R., Fischer J., Nature, 1997, 388, 756; doi:10.1038/41972.

46. Jain S. K., Srivastava P., Comput. Mater. Sci., 2011, 50, 3038; doi:10.1016/j.commatsci.2011.05.024.

33802-6

Дослiдження енергiї деформацiї гексагональних борових нанотрубок: першопринципний пiдхiд

С.К. Джаiн, П. Срiвастава

Група дослiджень наноматерiалiв, лабораторiя обчислювальної нанофiзики i технологiї, ABV-Iндiйський iнститут iнформацiйної технологiї i менеджменту, Гвалiяр–474015, Iндiя

Здiйснено першопринципнi обчислення для вивчення впливу кривизни малого дiаметра гексагональної борової нанотрубки. Розглянутi конформацiї борової нанотрубки є майже крiслоподiбними (armchair) (3,3), зигзагоподiбними (zigzag) (5,0) i хiральними (4,2), складаючись, вiдповiдно, з 12, 20 та 56 атомiв. Для того, щоб дослiдити вплив кривизни, оцiнено енергiю деформацiї. Знайдено, що енергiя деформацiї гексагональної борової нанотрубки строго залежить вiд радiуса, тодi як енергiя деформацiї трикутних борових нанотрубок залежить як вiд радiуса, так i вiд хiральностi.

Ключовi слова: енергiя когезiї, вплив кривизни, енергiя деформацiї, першопринципнi обчислення, борова нанотрубка

33802-7