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ABSTRACT

The structural, electronic, and mechanical properties of single-walled MoTe » nanotubes are investigated using density functional theory. All
large-diameter MoTe , nanotubes are found to be narrow-gap semiconductors, whereas small-diameter nanotubes are found to be less stable
compared to large-diameter nanotubes. Notably, the armchair MoTe  , nanotubes exhibit an indirect band gap, whereas the zigzag nanotubes
exhibit a direct band gap. The band gap decreases with decreasing diameter of the tube or if the tube is under compression or elongation in

the axial direction. Young's modulus of MoTe  , nanotubes is calculated and is found to be dependent on the diameter and chirality of the
tubes. The armchair nanotubes are stiffer than the zigzag nanotubes with the same diameter. Compared to the homologous MoS » hanotubes,
the MoTe , nanotubes are softer due to less strain-energy cost in forming the nanotube structures.

Introduction. As a member of layered transition-metal the CNTs are strongly dependent on their chirality, that is,
dichalcogenide compounds, ¥ (M = Mo, W, Ta, or Nb, how the graphene sheet is rolled up. Since the discovery of
andX = S, Se, or Te), molybdenum ditelluride (MoJe  CNTs, considerable efforts have been devoted to synthesizing
compounds, together with molybdenum dichalcogenide other forms of inorganic nanotubes as well as exploration
(Mo$S; and MoSeg) compounds, have attracted increasing of their properties and applicatios>® Most inorganic
research attention because of their novel properties andnanotubes can also be viewed as rolling up some layered
potential applications. In these compounds, one layer of metalstructure analog to the graphite. For example, boron nitride
M is sandwiched between two layers Xf and the triple  nanotubes (BNNTS), synthesized shortly after the discovery
layers stack together through weak van der Waals interac-of CNTs, can be viewed as rolled up hexagonal boron nitride
tions!2 This layered structure enables molybdenum dichal- layers. Subsequent studies of BNNTs have shown that the
cogenides electrically and mechanically anisotropic. For glectronic properties of BNNTs are only weakly dependent
example, a nonlinear electrical behavior of bulk Mg3iegle  on their chirality and diameter. This unique electronic
crystals has been revealed experimentaliolybdenum behavior of BNNTSs has been exploited for various potential
dichalcogenides are indirect semiconductors with their optical applications®-2” Another form of inorganic nanotubes can
band gap comparable to the solar wavelength. Thus, mo-pe synthesized based on transition-metal dichalcogenides
lybdenum dichalcogenides hold promise in photovoltaic MX,.28-53 |n this form of inorganic nanotubes, strong mixed
applications, such as electrodes in high-efficiency photo- ., ajent-ionic bonds exist within the layers while the

. 8 . '
electrochemical cells.” Moreover, Vellinga et al. reported g, e multilayers are held together through weak van der

a 'K/Ta_?e tlrza'asilti(t))r; from s;n;]ic:)nduct_h;g\/loTez tlo metal(;ic i Waals forces. The first inorganic nanotubes of this form were
$-MoTe,.* Molybdenum dichalcogenides are also good soll WS,, discovered by Tenne et al. in 198Xollowed by the

lubricants, especially in extremely high-temperature environ- finding of MoS, nanotubed? Later, several catalyst- or

mglr]ﬁd::gmc;rghgﬁzou?;? d:ss cangglir:Perggg;a:jr V\:ﬁs%tsgss'ttemplate—based methods were developed to synthesize vari-
y 9 9 ous inorganic nanotubes, including Mg33° WS,,28:31

o, For anple e rcaaon MY B WS L TN+ SNSISISE S, V.0
promp pp 180, N-lyp CdS/CdSe? and TiG.324° Subsequent experimental and

p-type MoTe crystals can be fabricated through controlling ) . ) .
the transport agent during the growth. Fabrication efip theoretical studies qf these inorganic napotubes hgve reyealed
many new properties, particularly their novel tribological

diodes of MoTe has been reported@:!* iegt1-50 \\/ bes h 0 b d h
The discovery of carbon nanotubes (CNTs) has openedp_rOpertIe C S nanotg es have also been tested as the
tips of scanning-probe microscopes for the study of photo-

up an entirely new field of one-dimensional nanotube "

materialsi*-17 Single-walled CNTs can be viewed as the stimulated processes on surfa¢eRecently, molybdenum
rolling up of a graphene sheet. The electronic properties of ditelluride (MoTe) nanotubes have been synthesized in the
laboratory?'~53 In this paper, we report a comprehensive
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sets?® For Mo, the outer 14 electrons @gf4dP5s") were

@ R treated as valence electrons, whereas for Te the outer 16
electrons (4¥585p%) were treated as valence electrons. The
7 - core electrons of Mo and Te atoms were described by

#‘*"‘\\
?N NV
5 § Ny density-functional semicore pseudopotentials with relativistic
*a;; ;; =gl effects® These norm-conserving pseudopentials can be
0 e 3 generated by fitting all-electron relativistic DFT results and
BT N s contain a nonlocal contribution for each channel up to
5 ::\‘;‘:: S 2, as well as a nonlocal contribution to account for higher
5. = 3’% channels. The real-space global cutoff radius was set to 5.0
» ™ L NG A and the spin-restricted DFT was selected to obtain all

results for this work. To simulate the nanotube with infinite

length, a tetragonal supercell with size of #4040 x ¢ A3

was adopted with the lengthbeing the periodicity of the

tube (in the axial direction). Thé-point sampling was

15 employed using the MonkhorsPack schemég®

K G ML H Results and Discussion.The wall of a single-walled

_ _ ) MoTe, nanotube exhibits a triple-layer structure, which

Figure 1. (a) Side and (b) top view of the layered structure of .4 gists of a Mo layer sandwiched between two Te layers

bulk MoTe,. Mo atoms are blue, and Te atoms are in orange. (c) A

Calculated band structures of bulk MgT&he Fermi energy level (spaqe group>63/mmq as shown in Figure 1.The th_ree

is set as zero. atomic layers stack together through van der Waals interac-

tion. Within each atomic layer, the atoms form covatent

of single-walled MoTe nanotubes by using density func- ionic bonds. The separation between two neighboring layers

tional theory (DFT). We find that the electronic and is about 6.98 A. The MeTe bond length is 2.75 A, and the

mechanical properties of MoT@anotubes can be strongly thickness of the triple layer is about 3.71 A. Our DFT

dependent on their structures. To our knowledge, this is the calculation shows that the bulk MoT& a semiconductor

first ab initio study of the MoTgnanotubes. with an indirect band gap 0f0.66 eV and a direct band
Computation Methods. All calculations were carried out ~ gap of 2.66 eV at th& point, consistent with previous DFT

by using a linear combination of atomic orbitals and DFT calculations. Charge analysis using the Hirshfeld method

method implemented in DMol3 packageWe employed shows that each Te atom receive8.03e from the Mo atom.

;
{
\

(]
=
o

the PerdewBurke—Ernzerhof (PBE) functional within As discussed in the introduction, a single-walled MpTe
the generalized gradient approximation (GGA) and double nanotube can be constructed by rolling up a Mofriple
numerical basis sets with polarization function (DNPyhe layer, similar to other transition-metal dichalcogenide nano-

DNP basis sets are comparable to Pople’s 6-31G* basistubes?*4%%0 In Figure 2, we show two prototype MoJTe

13.76
10.26

Figure 2. Top and side view of structures of (a) (10, 0) zigzag and (b) (8, 8) armchair Muadretubes.
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(10,0) MoTe, nanotube . (8,8) MoTe, nanotube This gap is smaller than that of the Mg Tmulk. The valence
band edge locates at (0, 0, 0.15), and the conduction band
edge locates at (0, 0, 0.325) in fractional units of primitive
k-vectors.

From the total density of states (TDOS) and the projected
DOS on each type of atom, we were able to identify some
characteristics of the band structures of the MaTanotubes.

As shown in Figure 4, a main feature of the TDOS is the
two well-separated broad peaks below the Fermi level, with
a gap of~3 eV between the two peaks. Near the Fermi level,
the TDOS are mainly contributed by the 4d electrons of Mo
atoms, whereas the 5p electron Te atoms in both the inner
and outer layers give comparable contributions to the TDOS.
However, the 5s electrons of Te atoms in the outer layer
provide a distinct contribution to the peak in thd0 to—12
eV range. Charge analysis using the Hirshfeld method shows
Figure 3. Calculated band structures of (10, 0) and (8, 8) MoTe that a small charge is transferred from a Mo atom to a Te
nanotubes. The Fermi level is labeled with a dotted line. atom. For the armchair (8, 8) tube, about 0.038 and 0e054
are transferred to the Te atom in the inner and outer layer,
nanotubes: (a) the zigzag (10, 0) and (b) the armchair (8, 8) respectively. For the zigzag (10, 0) tube, the charge transfer
nanotubes. The unit-cell length in the axial direction is 5.88 is about 0.032 and 0.05& The formation of a tubular
and 3.63 A, respectively for the two nanotubes. Because of structure induces more charge transfer from the Mo atoms
the curvature effect, the formation of a tubular structure to the Te atoms in the outer layer.
changes the MeTe bond lengths slightly. The thickness of Furthermore, we studied a variety of MaTeanotubes
a single wall is smaller than that of a perfect triple layer in with different diameters, ranging from 10 to 17 A, which
the bulk. Meanwhile, the MeTe bonds in the outer layer included both zigzagy( 0) (h=7, 8, 9, 11, 12, and 13) and
are elongated, and some are shortened in the inner layerarmchair , n) (n =4, 5, 6, and 7) nanotubes. The structural
For the (10, 0) tube, the MeTe bond lengths are 2.76, 2.95, information of these nanotubes is summarized in Table 1.
and 2.95 A in the outer layer and 2.69, 2.78, and 2.78 A in The unit-cell length of the periodic supercell in thdirection
the inner layer. For the (8, 8) nanotube, the bond lengths and positions of all atoms were optimized. We note that for
are 2.92, 2.81, and 2.81 A in the outer layer and 2.76, 2.73, the small-diameter zigzag nanotube (7, 0) a stable tubular
and 2.73 Ain the inner layer. The calculated band structures, structure was not achieved. For all armchair nanotubes, the
as shown in Figure 3, indicate that the zigzag (10, 0) MoTe unit-cell length in thec direction is about 3.63 A. For the
nanotube is a metal, whereas the armchair (8, 8) nanotubezigzag nanotubes, the unit-cell length increases slightly with
is a semiconductor with an indirect band gap of 0.20 eV. increasing the tube diameter. Meanwhile, the thickness of
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Figure 4. TDOS and PDOS projected on different atomic layers of (10, 0) and (8, 8) Muadmotubes. The Fermi energy level was set
as zero.
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Table 1. Diameter of the Nanotubej, the Wall Thickness
(T), the Unit-Cell Length of the Supercell in theDirection (), = Zigzag tubes
and the Me-Te Bond Lengths of the Armchain(n) (n = 4, 5, £ 1 A Armchalr tubes
6,7, and 8) and Zigzaq(0) (= 8, 9, 10, 11, and 12) g T riedine
Nanotubes 3 06 @Y
Mo-Te %
D T c bond length S
nanotube (A (A A) N) £
4, 4) 10.34 3.12 3.63 2.86,2.74,2.74° % 0.4
3.08, 2.85, 2.85¢ >
(5, 5) 11.98 329 363 2.82,2.75,2.75, g
3.03, 2.83, 2.83 <
(6, 6) 13.79 3.40 3.63 2.79,2.74,2.74,
2.97, 2.83, 2.83 02 :
(7,7 15.21 3.47 3.63 2.77,2.73,2.73, 10
2.93,2.82,2.82 Tube Diameter (angs.)
(8, 8) 1740 349 3.63 2.76,2.74,2.74,
2.93,2.81,2.81 Figure 5. Strain energy per atom vs diameter of MgRanotubes.
(8,0 1197 328 558 269,282, 2.82, Solid lines are fitted with the D* power law, where is 2.13 and
2.80, 3.00, 3.00 1.94 for the zigzag and armchair nanotube, respectively.
9,0 12.88 3.35 5.80 2.68,2.79,2.79,
2.77, 2.97, 2.97 diameter and is weakly dependent on the chirality. The strain
(10, 0) 13.91 3.38 5.88 2.69,2.78,2.78, .
2.76, 2.95. 2.95 energy follows a I»* power law, wherecis 2.13 and 1.94
(11, 0) 1505 341 591  2.69,2.77,2.17, for the zigzag and armchair nanotube, respectively. The
2.76, 2.93, 2.93 armchair nanotube is energetically more favorable than the
(12, 0) 16.01 3.45 597 2.69,2.77,2.77, zigzag nanotube when the diameter of the tube is small.
2.75,2.92, 2.92 When the diameter is sufficiently large, the strain energy of
(13,0 1699 349 6.00 2.70,2.77,2.77, both zigzag and armchair nanotubes is about the same.
2.76, 2.90, 2.90 Interestingly, the calculated strain energies of Mgi@no-
triple-layer in bulk o« 3.71 2.75

tubes are smaller than those of MoSanotubes with the

2 Characterized by the Mo atom in the tube wélThe wall thickness same chirality, suggesting that the formation of MgTe
e e ! sxtouter V. nanotubes may be easier than the formation of MoS
outer layer of the wall. nanotubed? The band structures of all of the MoJe

nanotubes considered are calculated, and their band gaps are
the wall increases with increasing tube diameter. However, summarized in Table 2. Clearly, the electronic properties of
the wall thickness is still less than that of a triple layeB(71 MoTe, nanotubes depend on the tube diameter and chirality.
A) in bulk MoTe,. Moreover, the Me-Te bond lengths  In general, the band gap decreases with decreasing the tube
decrease as the tube diameter increases. TheTddonds diameter, and it is always less than that of bulk MaTe
in the outer layer are longer than those in bulk MgTe MoTe; nanotubes become metallic or even semimetallic if
whereas those in the inner layer can be either elongated ortthe diameter is smaller than 16 A. Large-diameter MoTe
compressed compared to the bulk counterparts, dependinghanotubes are narrow-gap semiconductors. The armchair
on the chirality of the tube as well as the angle between the nanotubes are indirect semicondutors, whereas the zigzag
bond and tube axis. For example, the bonds normal to thenanotubes are direct semiconductor. This electronic behavior
axis of a armchair tube are elongated, whereas those nots similar to that of Mo$ nanotubes, except that the band
normal to the axis are compressed. But for the zigzag gap is less than that of Mg®ube having the same chirality.
nanotubes, the bonds in the axial direction are compressed This result suggests that MoJieanotubes may have a higher
whereas those not in the axial direction are elongated. electrical conductivity than the MgSRounterparts.

In Figure 5, the calculated strain energy per atom was To further verify structural stabilities of these tubes, we
plotted as a function of the tube diameter. The strain energy considered both elongated and compressed nanotubes along
is defined as the cohesive energy difference between thethe axial direction. All of the zigzag nanotubes considered
MoTe, nanotube and the perfect bulk trilayer structure. As retained their tubular structures in the deformed form. The
expected, the strain energy decreases with increasing thestrain energy increases as the tube is elongated or compressed

Table 2. Calculated Band Gaps of the MoJBanotube3

nanotube (n, m) (4,4) (5, 5) (6, 6) (7,7) (8,8) (8,0) (9,0) (10, 0) (11,0) (12, 0) (13, 0)
direct gap (eV) 0.16 0.50 0.33 0.55 0.80 0.00 0.00 0.00 0.05 0.12 0.21
indirect gap (eV) 0.02 0.00 0.01 0.05 0.20

aThe direct band gap is obtained at the gamma (0, O, 0) point in fractional units of prirkitigetors.
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Figure 6. Tubular structures and energy vs lengtbf the periodic supercell for (4, 4) and (5, 5) MaTranotubes.

from the optimized geometry. Meanwhile, the electronic Table 3. Calculated Young's Modulus of MoteMoS,, and
properties of the tube are somewhat modified by elongation Carbon Nanotubes

and compression. For example, the band gaps are reduced R ¢ Vo 2E/de 2E/(de%cy) Y
slightly or even vanish if the deformation is sufficiently large ~ nanotube (&) (A) (A%  (eV) (eV/A)  (GPa)
that it may lead to the §emiconductor-to-r_ne_tal transition. In MoTes (6, 6) 6.90 3.63 10985 554.0 1517 30.7
contrast, the armchair nanotubes exhibit more notable yiyre, (7,7) 7.60 3.63 1209.9 635.7 173.9 82.1
diameter-dependent behavior under the deformation. Al- MoTe, (10,0) 6.96 5.88 1794.8 598.8 1018 53.4
though the behavior of large-diameter armchair nanotubesMoTe; (11,0) 7.52 5.91 1949.1 697.9  117.7 57.7
is similar to that of zigzag nanotubes, the behavior of small- MoS2(6,6)  5.80 3.23 723.9 6821 2113 150.8
dimater armchair nanotubes is much more complex. In Figure CNT (10,10)  6.83 2.47 3604 2328  942.9 1033.5
6, the energies and structures of the (4, 4) and (5, 5) CNT(18,0) 7.09 427 646.7 3967  929.9 9814

nanotubes versus thelength are plotted. The red curves

denote either the elongation or compression of the tube. First,! is the tube thickness. In fact, the definition of tube thickness
we found that the tube structures of (4, 4) and (5, 5) were and Young’s modulus is not entirely resolved. For example,
only marginally stable. Under slight deformation from their the interlayer distance of graphite has been chosen previously
equilibrium structure, the tube will collapse and this process as the tube thickness of a single-walled carbon nandtube.
is irreversible. The collapsed structures are more-stable tharin our calculations, we used the same definition as for the
the original tubular structures and their electronic structures thickness ) of MoTe,, MoS;, and carbon nanotubes, which
are different from those of the original tubes. The collapsed is 6.98, 6.15, and 3.4 A, separately. The calculation results
(4, 4) nanotube is a semiconductor with an indirect band are summarized in Table 3. CNTs have the largest Young'’s
gap of~0.20 eV, and the collapsed (5, 5) nanotube has an modulus among these tubular systems, whereas the MoTe
indirect band gap of0.10 eV, which is closer to that of —nanotubes are the softest. The Young's modulus of a MoTe
bulk MoTe. The structural collapse for small-diameter nanotube is dependent on its diameter and chirality and is
armchair nanotubes under deformation was seen for MoTe reduced slightly as the tube diameter decreases. The Young's
nanotubes. It occurs for the armchair (4, 4) Mo@notube modulus of the armchair nanotubes is larger than that of
as well. Small-diameter armchair MpSanotubes have been  ziagzag nanotubes. Compared with the Mo&notubes, the
explored previously, but these nanotubes are either in theMoTe; nanotubes are much softer because the strain energy
rope form or doped with iodine, which may be a reason for per atom of MoTe nanotube is smaller than that of MoS

observing unstable tube structufé8. Similarly, small- ~ nanotube with the same chirality.
diameter MoTgnanotubes may be more stable when forming ~ Conclusions. We have studied the structurproperty
ropes or/and are doped with foreign atoms. relation of single-walled MoTgnanotubes using the DFT

Finally, the elastic properties of four nanotubes were method. Some general properties of the MpmManotubes
examined, which included (5, 5), (6, 6), (10, 0), and (11, 0) can be summarized as follows: Small-diameter nanotubes
nanotubes. In addition, the zigzag (18, 0) and armchair (10, are generally less stable than large-diameter nanotubes. All
10) CNTs were also considered for comparison. For bulk large-diameter nanotubes are narrow-gap semiconductors,

solids, the Young's modulus is defined ¥s= (0%E/0€%)/Vo, and their band gaps decrease with the decrease of tube
whereV, is the relaxed equilibrium volumé; is the strain diameter. In particular, the armchair nanotubes are indirect
energy per unit cell, andis the axial strain, defined ac, semiconductors, and the zigzag nanotubes are direct semi-

where ¢, is the length of the unit cell at mechanical conductor. The calculated Young’'s modulus shows that the
equilibrium. For nanotubed/, can be also defined as the MoTe, nanotubes are relatively soft along the axial direction,
equilibrium volumeV, = 27coRI, whereR is the radius and  and the armchair nanotubes are stiffer than the zigzag

Nano Lett., Vol. 7, No. 10, 2007 2991



nanotubes. Moreover, the Young’s modulus increases with
the increase of tube diameter. In closing, it is our hope that
this theoretical study will stimulate further experimental
studies of the novel MoTenanotubes.
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