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Abstract:

 Transition-metal dichalcogenide nanotubes (TMC-NTs) are investigated for their electromechanical properties under applied tensile strain using density functional-based methods. For small elongations, linear strain-stress relations according to Hooke’s law have been obtained, while for larger strains, plastic behavior is observed. Similar to their 2D counterparts, TMC-NTs show nearly a linear change of band gaps with applied strain. This change is, however, nearly diameter-independent in case of armchair forms. The semiconductor-metal transition occurs for much larger deformations compared to the layered tube equivalents. This transition is faster for heavier chalcogen elements, due to their smaller intrinsic band gaps. Unlike in the 2D forms, the top of valence and the bottom of conduction bands stay unchanged with strain, and the zigzag NTs are direct band gap materials until the semiconductor-metal transition. Meanwhile, the applied strain causes modification in band curvature, affecting the effective masses of electrons and holes. The quantum conductance of TMC-NTs starts to occur close to the Fermi level when tensile strain is applied.




Keywords:


transition-metal dichalcogenide nanotubes; electromechanical properties; quantum conductance; density functional-based methods








1. Introduction

In the past few years, transition-metal dichalcogenides (TMCs) have become a class of materials most widely investigated in the fields of physics, materials science or nanotechnology. Especially, two-dimensional (2D) layered forms of TMCs are of great interest, as they can be easily manufactured to monolayers using chemical or mechanical exfoliation and chemical deposition techniques [1,2,3]. They possess desirable intrinsic band gaps ranging from about 1.0 to 2.0 eV, and they were utilized in nanoelectronic applications to produce field-effect transistors, logical circuits, amplifiers and photodetectors [4,5,6,7]. The electronic properties of 2D TMCs can be tuned by various means, including quantum confinement [8,9,10,11], mechanical deformations [12,13,14], electric fields [15,16] or local defects [17,18,19].

Similar to carbon, tubular and fullerene-like nanostructures can be formed from other inorganic materials, including sulfo-carbides [20], boron-carbon-nitrides [21] or TMCs [22,23]. Though less than their carbon counterparts, in particular MoS2 and WS2 nano-onions and nanotubes have been investigated both theoretically and experimentally [24,25,26,27,28,29,30]. TMC nanotubes (TMCs-NTs) behave as exceptional lubricants [31,32], and it has been shown that when the MoS2 NTs or nano-onions are added to base grease, the friction coefficient remains low, even at very high loads [33]. The mechanical properties of TMC-NTs have been investigated experimentally, where tubes were subject to tensile strain using atomic force microscopy [34,35,36,37]. Elastic deformations were predicted from linear strain-stress relation up to the fracture point (at 13 GPa and 12% strain for WS2 TMC-NTs), and fracture was directly related to the formation of local defects [35]. The mechanical properties of WS2 NTs under axial tension and compression [36] shows that they are ultra-strong and elastic, which distinguishes them from other known materials. Quantum-mechanical simulations showed that under squeezing, MoS2 NTs start to form platelets, partially attached to the grips, which provide good lubrication at the position of closest contact. This is interpreted as ‘nano-coating’.

Single-walled TMC-NTs have interesting electronic properties that depend on their diameter and chirality. Zigzag (n,0) NTs are direct band gap semiconductors, resembling 1H TMC forms, while armchair (n,n) NTs are indirect band gap materials, similar to the 2H TMC structures [24,29]. Zigzag tubes are, therefore, suggested for luminescent devices, an application that would not be possible for carbon NTs. With increasing tube diameter, the band gaps increase and eventually approach the single-layer limit.

Doping inorganic semiconducting NTs may lead to new optoelectronic nanomaterials. Ivanovskaya et al. [38] have investigated the effect of Mo to Nb doping on the electronic structure of MoS2 NTs using the density functional based tight-binding (DFTB) method. It has been found that composite Mo1-xNbxS2 NTs are more stable than the corresponding mixture of pure tubes. This effect was even stronger for larger tube diameters. The authors reported that all doped NTs were metallic, independent of their chirality, diameters or the substitutional patterns. The density of states close to the Fermi level of Nb-substituted MoS2 NTs can be tuned in a wide range by the degree of doping.

Electromechanical properties have been widely investigated theoretically for TMC monolayers [14,39,40], but they remain to be explored for the associated tubular structures. Because of their excellent lubricating properties, the application of tensile stress on 2D TMC systems is rather difficult in experiments. The experimental setup for direct tensile tests of TMC-NTs is, however, state-of-the-art [35,37]. We have recently shown that the electronic properties of large-diameter TMC-NTs can be tuned by an external tensile strain for nanoelectromechanical applications [41] and that Raman spectroscopy is an ideal tool to monitor the strain of the individual tubes due to a linear correlation between the Raman shift and the strain. These results hold, however, for large diameter nanotubes. For small diameter tubes, finite size effects are expected.

In this work, we have investigated the electromechanical properties of small diameter TMC nanotubes by applying axial tensile strain. Stress-strain relations, the electronic structure and quantum conductance response to the mechanical deformations were compared between Mo- and W-based NTs with different chalcogen atoms. The results were compared to the available experimental and theoretical works. Our calculations show that up to 2%–5% elongations, the stress-strain relations scale linearly, and we obtained Young’s moduli of about 200 GPa for armchair and zigzag tubes, with the notable exception of much softer WTe2. The shape of the band structures is strongly affected, the conduction bands have a loose dispersion for zigzag tubes, while the dispersion deepens for armchair materials. We find nearly a linear decrease in the band gap for all types of nanotubes, and eventually, the semiconductor-metal transition occurs. This is, however, observed at larger elongations than for the corresponding layered forms. Tensile strain enhances conductance closer to the Fermi level.



2. Computational Details

We have investigated the (n, n) armchair and the (n, 0) zigzag TX2 nanotubes (T = Mo, W; X = S, Se, Te) with n = 21 and 24 (see Figure 1). All structures were fully optimized (atomic positions and lattice constants) employing helical boundary conditions as implemented in the Crystal09 software package [42].

Figure 1. Front and sided views of zigzag and armchair TX2 NT structures at equilibrium and under tensile strain (ε).
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For the strained structures, only the atomic coordinates have been re-optimized, while the unit cell parameter along the tube axis was kept fixed, as reported in our previous works [14,41]. The tensile strain is defined as [image: there is no content], where [image: there is no content] and L are equilibrium and strained lattice values, respectively (cf. Figure 1). The elastic properties of the tubes under tensile stress were calculated as force, F, acting on the area, A. The area can be calculated as follows:



[image: there is no content]



(1)




where [image: there is no content] is the tube radius, defined as the distance between the center of the tube and the metal atom, and δ is the thickness of tube wall, taken as the interlayer distance of the bulk material. The Young’s modulus, Y, is obtained from the second derivative of the total energy with respect to the applied strain at the equilibrium volume, [image: there is no content]:


Y=1[image: there is no content]∂2E∂ε2



(2)




where [image: there is no content]=A[image: there is no content].
Structural and electromechanical properties have been calculated using density functional theory (DFT) in the representation by Perdew, Burke and Ernzerhof (PBE) [43], a method that was validated for the TMC systems earlier [11,29,41]. The all-electron 86-311G* basis was chosen for sulfur atoms, while for the heavier elements, the effective core potential (ECP) approach with large cores was employed, accounting for scalar relativistic effects [44,45]. The shrinking factor was set to eight, resulting in 5 k points in the irreducible Brillouin zone according to the Monkhorst–Pack sampling [46]. Band structures were calculated along the high symmetry points using the [image: there is no content] path.

The coherent electronic transport calculations were carried out using the density functional based tight-binding (DFTB) [47,48,49] method in conjunction with the non-equilibrium Green’s function technique [50,51] and the Landauer–Büttiker approach. The present approach was already validated and described in detail in our previous works on various TMC materials [14,41,52].



3. Results and Discussion

We have calculated the electromechanical properties of TX2 nanotubes by applying tensile strain (ε) to the tubes along their axis. Tensile strain causes changes in the geometry and results in the elongation of the T–X bonds (see Figure 2). These bond lengths increase nearly linearly with ε and are more sever for zigzag NTs. This trend is similar to the corresponding mechanical deformations in the 2D TMC structures [14,41]. In nanotubes, one needs to distinguish between T–X bond lengths in the outer and inner walls, the latter being slightly shorter. While for armchair NTs, outer and inner bonds change in the same way, this is not the case for zigzag NTs. At larger ε, the inner bonds undergo stronger elongations, eventually approaching the same values as for the outer bonds. We obtain elongation of 0.8–1.0 pm and 0.5–0.6 pm per 1% of strain for the zigzag and armchair NTs, respectively. Stronger elongations of bonds in the zigzag NTs can be understood, such that along the tube, where the tensile strain is applied, there are many bonds oriented exactly parallel to the axis, while this is not the case in armchair tubes. These bonds can be easily stretched, resulting also in a reduction of the X–T–X angles.

Figure 2. The metal-chalcogen bond length (T–X) change with the applied tensile strain of exemplary MoS2 and WSe2 NTs. Similar linear changes are obtained for other transition-metal dichalcogenide-NTs.
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Once the tubes are subject to ε, also the tube diameters change, namely they have to shrink to compensate for the elongations along the tube axis. On average, the tube diameters shrink by 0.6 Å and 0.2 Å per 1% of strain for zigzag and armchair NTs, respectively.

The stress-strain relations for all the studied tubes are shown in Figure 3. If the curves are fitted to the harmonic approximation for small deformations according to Hooke’s law, the stress-strain plots are linear, and the plastic deformations for larger strain values could not be observed. From this fitting, however, we have obtained the Young’s moduli for all the tubes (see Table 1). Our results are in agreement with the available experimental and theoretical values. For example, the experimental Young’s modulus of multi-wall WS2 NTs is found to be 152 GPa [36], 171 GPa [34] and 223 GPa [37]. For single-wall MoS2 NT ropes, the lowest measured Young’s modulus was 120 GPa [26], whereas theoretical values estimated from DFTB calculations for MoS2 NTs are 200 GPa [53] and 230 GPa [30,54]. Moreover, Li et al. [55] have reported 150 and 127 GPa for (6, 6) and (10, 0) MoS2 NTs, respectively.

Figure 3. The calculated strain-stress relation of TX2 NTs under applied tensile strain along the tube axis. Note the different scale on x- and y-axes of TTe2 NTs.
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Table 1. The calculated Young’s moduli of all the studied NTs. The numbers are obtained from the harmonic approximation following Hooke’s law for small values of tensile strain.



	
System

	
Chirality




	
(21,0)

	
(24,0)

	
(21,21)

	
(24,24)






	
MoS2

	
191

	
259

	
235

	
232




	
MoSe2

	
184

	
188

	
165

	
174




	
MoTe2

	
110

	
132

	
119

	
150




	
WS2

	
160

	
177

	
256

	
203




	
WSe2

	
184

	
165

	
177

	
211




	
WTe2

	
44

	
36

	
59

	
57















If the curves are fitted to a higher order polynomial (here, the fourth order polynomial was chosen), we observe that already, for the ε of 3%–5% (for sulfides and selenides) or 2%–3% (for tellurides), the curves deviate from linearity.

Changes in the geometry of TMC NTs under mechanical deformations also affect the electronic structure of these materials. The band structure responses to the tensile strain are shown in Figure 4 and Figure 5 for zigzag and armchair NTs, respectively. In the equilibrium, zigzag NTs are direct band gap semiconductors at Γ, while armchair NTs are indirect band gap materials with the valence band maximum (VBM) at Γ and the conduction band minimum (CBM) at 2/3 between Γ and X. This is in close agreement with the DFTB calculations of Seifert et al. [24]. These features are unaffected by ε; however, the CBM of armchair tubes shifts slightly towards the X point.

Figure 4. The calculated band structure response to the applied tensile strain of zigzag TX2 NTs. (a) MoX2 and (b) WX2.
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Figure 5. The calculated band structure response to the applied tensile strain of armchair TX2 NTs. (a) MoX2 and (b) WX2.
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Both the valence and the conduction bands are affected by the mechanical deformations. While in the zigzag NTs, the CBM looses its dispersion with the applied strain, it is opposite in the case of armchair tubes. In the latter, the dispersion deepens, and the CBM position shifts towards the X point. The valence bands get more dispersed along the [image: there is no content] paths for larger deformations, and this is chirality-independent.

The band gap evolution with the tensile strain is shown in Figure 6. Nearly linear scaling is found for ε of 10%–12%. The semiconductor-metal transition occurs for elongations much larger than in the case of layered 2D forms [14,41], but it is faster for the NTs with heavier chalcogen atoms, as they have a smaller intrinsic band gap. We have noticed that for armchair NTs, there is almost no band gap dependency on the tube diameter for the whole range of ε, as it is in the zigzag forms.

Figure 6. The calculated band gap evolution with the applied tensile strain of zigzag and armchair TX2 NTs.
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Figure 7 shows the intrinsic quantum conductance ([image: there is no content]) calculated along the TX2 NTs with respect to the applied tensile strain. As the materials are stretched along the tube axis, [image: there is no content] starts to appear closer to the Fermi level, and eventually, the transport channel opens. For all NTs, the conductance below the Fermi level reduces with strain; however, above the EF, it stays unchanged (it increases) for zigzag (armchair) NTs. Our quantum transport calculations aim to describe the intrinsic conductance of the entire tubes along their principal symmetry axis. Note that the quantum transport calculations are carried out using the DFTB method, which tends to overestimate the electronic band gap.

Figure 7. The electron quantum conductance of TX2 NTs under applied tensile strain along the tube axis.
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We have calculated the effective masses of electrons and holes at the CBM and VBM, respectively (see Table 2). The effective masses of holes are reduced with the tensile strain, which is consistent with stronger dispersion in the VBM. The masses of electrons at the equilibriums are similar for zigzag and armchair NTs of the same type. These numbers are larger for heavier chalcogen atoms, similar to the electron effective masses. We expect the effective masses of electrons to increase (decrease) for zigzag (armchair) NTs with ε as the dispersion of bands decreases (increases). The effective masses are calculated from the harmonic approximation and fitting to the energy point close to the VBM and CBM. This, therefore, strongly depends on the number of k-points along the path in the Brillouin zone. We have chosen very fine k-point sampling of 150 points between Γ and X. Thus, we do not observe as clear trends as expected in the effective masses of electrons. For the (6,6) and (10,0) MoS2 NTs, Li et al. [55] have obtained effective masses of electrons and holes of 0.53, 0.51, 0.83 and 1.55, for armchair and zigzag forms, respectively.


Table 2. The calculated effective electron and hole masses (in m0 units) of TX2 NTs with respect to the applied tensile strain (ε). For zigzag NTs, both effective masses are calculated at the Γ point; for armchair NTs, effective masses of holes are calculated at Γ and of electrons between Γ and X. Note, for the latter, we do not specify the exact k-point as the conduction band minimum (CBM) shifts with ε. The negative values of hole effective masses come from the band curvature at the valence band maximum (VBM).



	
System

	
Chirality

	
Electron masses

	
Hole masses




	
0%

	
5%

	
10%

	
0%

	
5%

	
10%






	
MoS2

	
(24,24)

	
0.621

	
0.631

	
0.707

	
−6.209

	
−1.684

	
−0.974




	
(24,0)

	
0.655

	
0.621

	
0.660

	
−10.03

	
−1.990

	
−1.033




	
MoSe2

	
(24,24)

	
0.868

	
0.938

	
0.884

	
−15.366

	
−2.233

	
−1.140




	
(24,0)

	
1.092

	
0.998

	
0.739

	
−0.485

	
−3.079

	
−3.461




	
WS2

	
(24,24)

	
0.434

	
0.457

	
0.524

	
−11.498

	
−1.934

	
−0.498




	
(24,0)

	
0.475

	
0.434

	
0.467

	
−12.348

	
−3.171

	
−1.270




	
WSe2

	
(24,24)

	
0.621

	
0.715

	
0.659

	
−15.147

	
−2.285

	
−7.922




	
(24,0)

	
0.585

	
0.714

	
0.916

	
−1.362

	
−2.846

	
−1.396















4. Conclusions

We have investigated the electromechanical properties of inorganic nanotubes of the TX2-type under applied tensile strain. The tubes undergo changes in geometry, namely the T–X bond lengths are elongated. More pronounced changes are obtained for the zigzag NTs, in which some of the bonds are oriented parallel to the tube axis, which means along the acting deformation force. The stress-strain relation fitted to the harmonic approximation for small deformations gives Young’s moduli of about 200 GPa, with the exception of WTe2, which produces notably smaller values around 50 GPa.

The electronic properties and the quantum transport are particularly affected by mechanical deformations. Nearly a linear change in the band gap is observed for elongations up to 12%. The semiconductor-metal transition is eventually obtained for all type of tubes; however, it is much faster for heavier chalcogen atoms. Nanotubes require larger tensile strain to become metallic than the corresponding 2D materials.

The dispersion of the valence and conduction bands changes strongly with the applied strain. Notably, the VBM deepens the dispersion, which results in the lowering of the hole effective masses. The CBM is chirality dependent, and the dispersion is lost (enhanced) for zigzag (armchair) NTs. The transport channels start to open closer to the Fermi level for larger ε.

The electronic properties and the possibility to tune by tensile strain suggest that inorganic NTs, such as TMC materials, could be considered in nanoelectronic applications, for example as switching materials.






Acknowledgments

This work was supported by the German Research Council (Deutsche Forschungsgemeinschaft, HE 3543/18-1), the European Commission (FP7-PEOPLE-2009-IAPP QUASINANO, GA 251149 and FP7-PEOPLE-2012-ITN MoWSeS, GA 317451).



Author Contributions

N. Zibouche, M. Ghorbani-Asl, A. Kuc and T. Heine generated, analyzed and discussed the results. T. Heine conceived of this project. All authors contributed in writing this paper.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Coleman, J.N.; Lotya, M.; O’Neill, A.; Bergin, S.D.; King, P.J.; Khan, U.; Young, K.; Gaucher, A.; De, S.; Smith, R.J.; et al. Two-Dimensional Nanosheets Produced by Liquid Exfoliation of Layered Materials. Science 2011, 331, 568–571. [Google Scholar] [CrossRef] [PubMed]

	2. 
Novoselov, K.S.; Jiang, D.; Schedin, F.; Booth, T.J.; Khotkevich, V.V.; Morozov, S.V.; Geim, A.K. Two-dimensional atomic crystals. Proc. Nat. Acad. Sci. USA 2005, 102, 10451–10453. [Google Scholar] [CrossRef] [PubMed]

	3. 
Lee, Y.H.; Zhang, X.Q.; Zhang, W.; Chang, M.T.; Lin, C.T.; Chang, K.D.; Yu, Y.C.; Wang, J.T.S.W.; Chang, C.S.; Li, L.J.; et al. Synthesis of Large-Area MoS2 Atomic Layers with Chemical Vapor Deposition. Adv. Mater. 2012, 24, 2320–2325. [Google Scholar] [CrossRef] [PubMed]

	4. 
Radisavljevic, B.; Radenovic, A.; Brivio, J.; Giacometti, V.; Kis, A. Single-layer MoS2 transistors. Nat. Nanotechnol. 2011, 6, 147–150. [Google Scholar] [CrossRef] [PubMed]

	5. 
Radisavljevic, B.; Whitwick, M.B.; Kis, A. Integrated Circuits and Logic Operations Based on Single-Layer MoS2. ACS Nano 2011, 5, 9934–9938. [Google Scholar] [CrossRef] [PubMed]

	6. 
Radisavljevic, B.; Whitwick, M.B.; Kis, A. Small-signal amplifier based on single-layer MoS2. Appl. Phys. Lett. 2012, 101, 043103:1–043103:4. [Google Scholar] [CrossRef]

	7. 
Lopez-Sanchez, O.; Lembke, D.; Kayci, M.; Radenovic, A.; Kis, A. Ultrasensitive photodetectors based on monolayer MoS2. Nat. Nanotechnol. 2013, 8, 497–501. [Google Scholar] [CrossRef] [PubMed]

	8. 
Li, T.S.; Galli, G.L. Electronic properties of MoS2 nanoparticles. J. Phys. Chem. C 2007, 111, 16192–16196. [Google Scholar] [CrossRef]

	9. 
Splendiani, A.; Sun, L.; Zhang, Y.B.; Li, T.S.; Kim, J.; Chim, C.Y.; Galli, G.; Wang, F. Emerging Photoluminescence in Monolayer MoS2. Nano Lett. 2010, 10, 1271–1275. [Google Scholar] [CrossRef] [PubMed]

	10. 
Ramakrishna Matte, H.S.S.; Gomathi, A.; Manna, A.K.; Late, D.J.; Datta, R.; Pati, S.K.; Rao, C.N.R. MoS2 and WS2 Analogues of Graphene. Angew. Chem. Int. Ed. 2010, 49, 4059–4062. [Google Scholar] [CrossRef] [PubMed]

	11. 
Kuc, A.; Zibouche, N.; Heine, T. Influence of quantum confinement on the electronic structure of the transition metal sulfide TS2. Phys. Rev. B 2011, 83, 245213:1–245213:4. [Google Scholar] [CrossRef]

	12. 
Bertolazzi, S.; Brivio, J.; Kis, A. Stretching and Breaking of Ultrathin MoS2. ACS Nano 2011, 5, 9703–9709. [Google Scholar] [CrossRef] [PubMed]

	13. 
Castellanos-Gomez, A.; Poot, M.; Steele, G.A.; van der Zant, H.S.J.; Agrait, N.; Rubio-Bollinger, G. Elastic Properties of Freely Suspended MoS2 Nanosheets. Adv. Mater. 2012, 24, 772–775. [Google Scholar] [CrossRef] [PubMed]

	14. 
Ghorbani-Asl, M.; Borini, S.; Kuc, A.; Heine, T. Strain-dependent modulation of conductivity in single layer tranisition metal dichalcogenides. Phys. Rev. B 2013, 87, 235434:1–235434:6. [Google Scholar] [CrossRef]

	15. 
Ramasubramaniam, A.; Naveh, D.; Towe, E. Tunable band gaps in bilayer transition-metal dichalcogenides. Phys. Rev. B 2011, 84, 205325:1–205325:10. [Google Scholar] [CrossRef]

	16. 
Liu, Q.; Li, L.; Li, Y.; Gao, Z.; Chen, Z.; Lu, J. Tuning Electronic Structure of Bilayer MoS2 by Vertical Electric Field: A First-Principles Investigation. J. Phys. Chem. C 2012, 116, 21556–21562. [Google Scholar] [CrossRef]

	17. 
Enyashin, A.N.; Bar-Sadan, M.; Houben, L.; Seifert, G. Line Defects in Molybdenum Disulfide Layers. J. Phys. Chem. C 2013, 117, 10842–10848. [Google Scholar] [CrossRef]

	18. 
Van der Zande, A.M.; Huang, P.Y.; Chenet, D.A.; Berkelbach, T.C.; You, Y.; Lee, G.H.; Heinz, T.F.; Reichman, D.R.; Muller, D.A.; Hone, J.C. Grains and grain boundaries in highly crystalline monolayer molybdenum disulphide. Nat. Mater. 2013, 12, 554–561. [Google Scholar] [CrossRef] [PubMed]

	19. 
Ghorbani-Asl, M.; Enyashin, A.N.; Kuc, A.; Seifert, G.; Heine, T. Defect-induced conductivity anisotropy in MoS2 monolayers. Phys. Rev. B 2013, 88, 245440:1–245440:7. [Google Scholar] [CrossRef]

	20. 
Goyenola, C.; Gueorguiev, G.K.; Stafström, S. Fullerene-like CSx: A first-principles study of synthetic growth. Chem. Phys. Lett. 2011, 506, 86–91. [Google Scholar] [CrossRef]

	21. 
Hellgren, N.; Berlind, T.; Gueorguiev, G.K.; Johansson, M.P.; Stafström, S.; Hultman, L. Fullerene-like B-C-N thin films: A computational and experimental study. Mater. Sci. Eng. B 2004, 113, 242–247. [Google Scholar] [CrossRef]

	22. 
Tenne, R.; Margulis, L.; Genut, M.; Hodes, G. Polyhedral and cylindrical structures of tungsten disulfide. Nature 1992, 360, 444–446. [Google Scholar] [CrossRef]

	23. 
Margulis, L.; Salitra, G.; Tenne, R.; Talianker, M. Nested Fullerene-like Structures. Nature 1993, 365, 113–114. [Google Scholar] [CrossRef]

	24. 
Seifert, G.; Terrones, H.; Terrones, M.; Jungnickel, G.; Frauenheim, T. Structure and electronic properties of MoS2 nanotubes. Phys. Rev. Lett. 2000, 85, 146–149. [Google Scholar] [CrossRef] [PubMed]

	25. 
Seifert, G.; Kohler, T.; Tenne, R. Stability of Metal Chalcogenide Nanotubes. J. Phys. Chem. B 2002, 106, 2497–2501. [Google Scholar] [CrossRef]

	26. 
Kis, A.; Mihailovic, D.; Remskar, M.; Mrzel, A.; Jesih, A.; Piwonski, I.; Kulik, A.J.; Benoit, W.; Forro, L. Shear and Young’s moduli of MoS2 nanotube ropes. Adv. Mater. 2003, 15, 733–736. [Google Scholar] [CrossRef]

	27. 
Milosevic, I.; Nikolic, B.; Dobardzic, E.; Damnjanovic, M.; Popov, I.; Seifert, G. Electronic properties and optical spectra of MoS2 and WS2 nanotubes. Phys. Rev. B 2007, 76, 233414. [Google Scholar] [CrossRef]

	28. 
Tenne, R.; Redlich, M. Recent progress in the research of inorganic fullerene-like nanoparticles and inorganic nanotubes. Chem. Soc. Rev. 2010, 39, 1423–1434. [Google Scholar] [CrossRef] [PubMed]

	29. 
Zibouche, N.; Kuc, A.; Heine, T. From layers to nanotubes: Transition metal disulfides TMS2. Eur. Phys. J. B 2012, 85, 1–7. [Google Scholar] [CrossRef]

	30. 
Lorenz, T.; Teich, D.; Joswig, J.O.; Seifert, G. Theoretical Study of the Mechanical Behavior of Individual TiS2 and MoS2 Nanotubes. J. Phys. Chem. C 2012, 116, 11714–11721. [Google Scholar] [CrossRef]

	31. 
Mattheis, L.F. Energy-Bands For 2H-NbSe2 And 2H-MoS2. Phys. Rev. Lett. 1973, 30, 784–787. [Google Scholar] [CrossRef]

	32. 
Drummond, C.; Alcantar, N.; Israelachvili, J.; Tenne, R.; Golan, Y. Microtribology and friction-induced material transfer in WS2 nanoparticle additives. Adv. Funct. Mater. 2001, 11, 348–354. [Google Scholar] [CrossRef]

	33. 
Stefanov, M.; Enyashin, A.N.; Heine, T.; Seifert, G. Nanolubrication: How Do MoS2-Based Nanostructures Lubricate? J. Phys. Chem. C 2008, 112, 17764–17767. [Google Scholar] [CrossRef]

	34. 
Kaplan-Ashiri, I.; Cohen, S.R.; Gartsman, K.; Rosentsveig, R.; Seifert, G.; Tenne, R. Mechanical behavior of individual WS2 nanotubes. J. Mater. Res. 2004, 19, 454–459. [Google Scholar] [CrossRef]

	35. 
Kaplan-Ashiri, I.; Cohen, S.R.; Gartsman, K.; Rosentsveig, R.; Ivanovskaya, V.; Heine, T.; Seifert, G.; Wagner, H.D.; Tenne, R. Direct tensile tests of individual WS2 nanotubes. In Proceedings of the Pricm 5: The Fifth Pacific Rim International Conference on Advanced Materials, Pts 1–5, Beijing, China, 2–5 November 2004; Volume 475–479, pp. 4097–4102.

	36. 
Kaplan-Ashiri, I.; Cohen, S.R.; Gartsman, K.; Rosentsveig, R.; Ivanovskaya, V.V.; Heine, T.; Seifert, G.; Wagner, H.D.; Tenne, R. On the Mechanical Behavior of Tungsten Disulfide Nanotubes under Axial Tension and Compression. Proc. Natl. Acad. Sci. USA 2006, 103, 523–528. [Google Scholar] [CrossRef] [PubMed]

	37. 
Tang, D.M.; Wei, X.; Wang, M.S.; Kawamoto, N.; Bando, Y.; Zhi, C.; Mitome, M.; Zak, A.; Tenne, R.; Golberg, D. Revealing the Anomalous Tensile Properties of WS2 Nanotubes by in Situ Transmission Electron Microscopy. Nano Lett. 2013, 13, 1034–1040. [Google Scholar] [CrossRef] [PubMed]

	38. 
Ivanovskaya, V.V.; Heine, T.; Gemming, S.; Seifert, G. Structure, stability and electronic properties of composite Mo1−xNbxS2 nanotubes. Phys. Stat. Solidi B 2006, 243, 1757–1764. [Google Scholar] [CrossRef]

	39. 
Yun, W.S.; Han, S.W.; Hong, S.C.; Kim, I.G.; Lee, J.D. Thickness and strain effects on electronic structures of transition metal dichalcogenides: 2H-MX2 semiconductors (M = Mo, W; X = S, Se, Te). Phys. Rev. B 2012, 85, 033305. [Google Scholar] [CrossRef]

	40. 
Scalise, E.; Houssa, M.; Pourtois, G.; Afanas’ev, V.; Stesmans, A. Strain-induced semiconductor to metal transition in the two-dimensional honeycomb structure of MoS2. Nano Res. 2012, 5, 43–48. [Google Scholar] [CrossRef]

	41. 
Ghorbani-Asl, M.; Zibouche, N.; Wahiduzzaman, M.; Oliveira, A.F.; Kuc, A.; Heine, T. Electromechanics in MoS2 and WS2: Nanotubes vs. monolayers. Sci. Rep. 2013, 3, 2961:1–2961:8. [Google Scholar]

	42. 
Dovesi, R.; Saunders, V.R.; Roetti, R.; Orlando, R.; Zicovich-Wilson, C.M.; Pascale, F.; Civalleri, B.; Doll, K.; Harrison, N.M.; Bush, I.J.; et al. CRYSTAL09 User’s Manual; University of Torino: Torino, Italy, 2009. [Google Scholar]

	43. 
Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865–3868. [Google Scholar] [CrossRef] [PubMed]

	44. 
Cora, F.; Patel, A.; Harrison, N.M.; Roetti, C.; Catlow, C.R.A. An ab initio Hartree-Fock study of alpha-MoO3. J. Mater. Chem. 1997, 7, 959. [Google Scholar] [CrossRef]

	45. 
Cora, F.; Patel, A.; Harrison, N.M.; Dovesi, R.; Catlow, C.R.A. An ab initio Hartree-Fock study of the cubic and tetragonal phases of bulk tungsten trioxide. J. Am. Chem. Soc. 1996, 118, 12174–12182. [Google Scholar] [CrossRef]

	46. 
Monkhorst, H.J.; Pack, J.D. Special Points For Brillouin-Zone Integrations. Phys. Rev. B 1976, 13. [Google Scholar] [CrossRef]

	47. 
Seifert, G.; Porezag, D.; Frauenheim, T. Calculations of molecules, clusters, and solids with a simplified LCAO-DFT-LDA scheme. Int. J. Quantum Chem. 1996, 58, 185–192. [Google Scholar] [CrossRef]

	48. 
Oliveira, A.F.; Seifert, G.; Heine, T.; Duarte, H.A. Density-Functional Based Tight-Binding: An Approximate DFT Method. J. Br. Chem. Soc. 2009, 20, 1193–1205. [Google Scholar] [CrossRef]

	49. 
Wahiduzzaman, M.; Oliveira, A.F.; Philipsen, P.; Zhechkov, L.; van Lenthe, E.; Witek, A.H.; Heine, T. DFTB Parameters for the Periodic Table: Part 1, Electronic Structure. J. Chem. Theory Comput. 2013, 9, 4006–4017. [Google Scholar] [CrossRef]

	50. 
Di Carlo, A.; Gheorghe, M.; Bolognesi, A.; Lugli, P.; Sternberg, M.; Seifert, G.; Frauenheim, T. Molecular Devices Simulations Based on Density Functional Tight-Binding. J. Comput. Electron. 2002, 1, 109–112. [Google Scholar] [CrossRef]

	51. 
Datta, S. Quantum Transport: Atom to Transistor, 2 ed.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2005. [Google Scholar]

	52. 
Ghorbani-Asl, M.; Juarez-Mosqueda, R.; Kuc, A.; Heine, T. Efficient Quantum Simulations of Metals within the Γ-Point Approximation: Application to Carbon and Inorganic 1D and 2D Materials. J. Chem. Theory Comput. 2012, 8, 2888–2895. [Google Scholar] [CrossRef]

	53. 
Li, T. Ideal strength and phonon instability in single-layer MoS2. Phys. Rev. B 2012, 85, 235407. [Google Scholar] [CrossRef]

	54. 
Zhang, D.B.; Dumitrica, T.; Seifert, G. Helical Nanotube Structures of MoS2 with Intrinsic Twisting: An Objective Molecular Dynamics Study. Phys. Rev. Lett. 2011, 107. [Google Scholar] [CrossRef]

	55. 
Li, W.; Zhang, G.; Guo, M.; Zhang, Y.W. Strain-tunable electronic and transport properties of MoS2 nanotubes. Nano Res. 2014. accepted. [Google Scholar] [CrossRef]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png





nav.xhtml


  inorganics-02-00155


  
    		
      inorganics-02-00155
    


  




  





media/file1.png
T-X/A

T T T T EE T T T
L %% (24,0) MoS, Inner Wall

+—+ (24,.24) MoS, Outer Wall
I T *k (24,0) WSe,
3 T +—+ (24,24) WSe,
| . | . L . | . |
0 0.1 020 0.1 0.2





media/file2.png
— (21,21)

u o o [7e) o
3 2 8 v gw = ©
T T T - : _ 3
1<
=)
c
2
: <
: <
2 4 3
L
g
o
| 1<
=)
I L . ) _ _
T T = : : _
. . }
\ \ o
\ \ IR\
\ \ N
3 | N\ \ =}
L L ' o
K \ \ 2
P i - o N\ =
ool @ . \ & N\ =
38 K %) N\ o
-5 48 AR W\ J
ad g \Y |2 AN __
R RN 0w
' T RN
AW e
\
I | ) ) _ _
T T - : _ _
.
N
N
\
RNV °
NN 4
= AN 2
& o~ W\
& 2 3\
N . 2
W\ -
“\
_ A\ \g"
3 =)
D
\
I | ) ) _ _
8 8 8 °8 =) L
! ®° & 3 S =

o
BdD/ V/4=9






media/file7.png
MoSe»

@10 |

T
(21,0)

T

[—00% ; (21,21) | L |— 0.0% (21,21) L
24 90% 12 24K 97 12
18—_ 17.6 % 1L dg 18—_ 15.2 %| L dg
12F o 6 12F r 6

H L 3 _ e L e

‘e
1 1 Nq) 0 0
: - : . & : ; ; ;

L @424 | | @0 J12 & 24k @a24) 1 | @40 Jqp
18 s Ho 18} L 9
12F r 6 12F o 6

o L 3 o L 4a
L
P T3 A 1 07 T 23 - T2
Energy / eV Energy / eV
SZ WSSZ
32F L 505 1 (a1.21) T @10 118 32F T oo | eren | [T 21,0 716
95% — 9%
24 174 % 4 K H12 24— 15.2% 1 F 112
16 8 16 F 8
o
) A &< A A A .
32 T T BT T 16 Saf T ] T T 16
(24,24)| (24,0) 10} (24,24) (24,0)
24 12 24 B 112
16 8 16 8
8 L {a 8 4
L L L L .
2 1 0% i

1 2 A
Energy / eV

1 2 A
Energy / eV






media/file5.png
e=17%

e=10%

(24,24) Mos,

£=0%

A=05eV

2

~

A=09eV

A=17eV

S
Ao/*33

(24,24) WSe,

24) MoSe,

(24,






media/file3.png





media/file0.png
(24,0) Zigzag

(15,15) Armchair

VG000 004

£0:0:9.0.,66.8.10..06.0.9..0.0-0.0:

I

e e e e e O O

oaTeCataCatets





media/file6.png
o

<)

oo






