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STRAIN-TUNABLE ELECTRONIC PROPERTIES OF CrS; NANOTUBES
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The electronic and mechanical properties of CrS, nanotubes (NTs) are investigated by the
first-principles calculations. It is found that both the diameter and chirality of NTs rain
influence on their Young’s modulus and Poisson’s ratios. The energy band gap and the
electron effective mass of NTs would be modulated under the external stain. Although the
energy gaps of NTs are not so sensitive to the radial deformation, they change
monotonically with the uniaxial strain and insulator-metal transition occurs when the
tensile strain increases gradually. Our results highlight the strain-tunable electronic
properties of CrS, nanotubes, which is a promising candidate for the applications on
nanoscale strain sensor.
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1. Introduction

Since the discovery of carbon NTs in 1991 by lijima[l], one dimensional NTs have
attracted great attention because of the their exceptional physical and chemical properties, such as
C NTs[2,3], BN NTs[4,5], ZnO NTs[6], GaN NTs[7], MoS, NTs[8,9], WS, NTs[10,11], SnS,
NTs[12,13], and so on. Among them, transition metal dichalcogenides (TMDs) such as MoS, and
WS, NTs have attracted huge interest due to their exceptional electronic and optical properties,
which make them have many potential applications, such as, lubricants[14], photo-emitting
devices[15,16], transistors[17,18], catalysis[19], Li-ion batteries[20]. In recent years, various
investigations have been carried out to examine different properties of the MoS, and WS, NTs. For
example, different methods have been developed to fabricate the MoS, and WS, NTs[20-23]. The
structural, mechanical and electronic properties of MoS, and WS, NTs have been investigated by
theory and experiment. Li et al. found various defects such as substitution and vacancy can tailor
the electronic and magnetic properties of MoS, NTs[24]. Li et al. have studied the strain-tunable
electronic and transport properties of MoS, nanotubes[25]. Lu et al. investigate the
strain-dependent electronic and magnetic properties of MoS, monolayer, nanoribbons and
nanotubes[26]. In our previous paper, we have studied the structural and electronic of MoS, under
transverse electric field[27].

As chromium belongs to the same group as molybdenum and tungsten, therefore,
monolayer CrS, has also attracted great attention because of their electronic and optical properties.
Zhang et al. have reported the monolayer 2H CrS, exhibits a competitive low formation energy
and is mechanically, dynamically, and thermally stable; and they find the monolayer CrS, has the
optical band gap of 1.3 eV[28]. Ataca et al. also predict the monolayer is semiconductor with a
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band gap of 1.07 eV[29]. CrS, nanotube can be fabricated by wrapping a CrS, monolayer along a
chiral vector. To the best of our known, the structure, mechanical and electronic of the CrS, NTs is
still lack.

In this paper, we systematically investigate the structural, mechanical and strain tunable
electronic properties of the CrS; NTs. We observe the Young’s modulus and Possion ratio of the
NTs are dependent on the diameter and chirality. The band gap and effective mass of electron of
the CrS, NTs can be tuned by the uniaxial strain, but it is dependent on the chirality. Furthermore,
the radial compressive strain can reduce slightly the band gap, meanwhile, it can slightly increase
the effective mass of electron of the CrS, NTs.

2. Computational methods

For the present study, all the calculations are performed within the density functional
theory (DFT) using projector-augmented-wave potentials implemented in Vienna ab initio
simulation package (VASP)[30-32]. The exchange-correlation potential is described by the
generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE)
parameterization[33]. A cutoff energy of 500 eV is used for the plane-wave expansion. A k-point
mesh of 1x1x11 is used for sampling the Brillouin zone of the CrS, nanotube for the structural
optimizations, and thirty k points are sampled for computing the band structure. All the structures
are fully optimized with the convergence thresholds of 10 eV for energy and 0.01 eV/A for
Hellmann-Feynman force. All the CrS, NTs are treated within supercell under the periodic
boundary conductions. As shown in Fig. 1, the uniaxial compressive and tensile strains are applied
along the tube axis by fixing the axial vectors (z) to construct the strained structure. The radial
compressive strain is created by a displacement of two outer S atoms along x axis (perpendicular
to the tube axis) and fixing them, while other atoms are fully relaxed. To eliminate the interaction
between CrS, NTs in adjacent supercells, the vacuum spaces are more than 15 A along the x and y
directions.

radial

Fig.1. Top and side view of structures of (a) (12, 12) and (b) (14, 0) CrS, NTs. The arrow
indicates the direction of the strain. The gray atom stands for Cr, and the yellow atom is S.

3. Results and discussion

In order to validate the applied method, at first, we calculate the lattice constant of the unit
cell of CrS, monolayer. The lattice constant is 3.042 A, which is consistent with the reported
theoretical results[34]. In tablel, the optimized values of the lattice constant and radius of the CrS,
NTs are shown. We find the lattice constant of the zigzag NTs increases with the increasing of the
radius, and it will gradually approach the value of 5.269 A for the monolayer CrS,. However, for
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the armchair NTs, the lattice constant reduces with the increasing of radius, and it will gradually
close to the value of 3.042 A for the monolayer CrS,.

To character the mechanical properties of the CrS, NTs, the Young’s modulus Y and
Poisson ratio v are calculated. The Young’s modulus indicates the resistance of the NTs to the
deformation under uniaxial strain, which can be calculated from the second derivative of the total
energy E with respect to the strain ¢, at the equilibrium volume V, [25]:
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where R, and L, are the radius and the unit cell length of the unstrained NTs, o indicates the
thickness of the tube wall (which is assumed to be 6.147 A in our calculation). In order to obtain
the Young’s modulus, the strain energies corresponding to the uniaxial strain between —1% to
1% are calculated. In table 1, it is clearly that the Young’s modulus of both armchair and zigzag
CrS, NTs increase with the increasing of the tube radius. Moreover, for the CrS, NTs with the
same radius, the Young’s modulus of the armchair NTs is larger than that of the zigzag NTs. In
earlier study, the Young’s modulus of the (10, 0) MoS, NT is 127 GPa[25], which is larger than the
value of the (10, 0) CrS, NT.

Table 1. Calculated lattice constant (L) along the z direction, tube radius (Ro),
Poisson ratio (v) and Young’s modulus (Y) of CrS, NTs.

CrS; nanotube Lo (&) Ro (&) v Y (GPa)
(10, 0) 5.086 5.562 0.318 103.4
(12, 0) 5.138 6.448 0.349 1222
(14, 0) 5.178 7.336 0.351 132.7
(8. 8) 3.067 7.124 0.350 148.5
(10, 10) 3.058 8.724 0.319 161.4
(12, 12) 3.055 10.328 0.295 168.4

Applying the uniaxial tensile and compressive strain to the CrS, NTs can lead the radius to
contract and expand. As shown in Fig. 2, for all the CrS, NTs, companied with the axial elongation,
the tube radius reduces gradually. The ratio of transverse contraction and axial elongation is
described by Poisson ratio

yob L R
R, oL
where &, is the externally imposed strain along the tube axial direction, and ¢, is the radial
contraction strain. As shown in table 1, the Poisson ratios of the zigzag NTs increase with the
increasing of the radius. In contrast, the Poisson ratios of the armchair NTs reduce with increasing
radius. The different variation trend of the Poisson ratio for the zigzag and armchair CrS, NTs can
be attributed to the different orientation of the Cr-S bonds as shown in Fig. 1.
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Fig. 2. Nanotube radius with respect to axial unit cell length.

Fig. 3 illustrates the band structures of the zigzag and armchair CrS, NTs with and without
the external uniaxial strain. We find the (14, 0) zigzag NT exhibits a direct band gap ( E; = 0.291
eV) with the valence band maximum (VBM) and conduction band minimum (CBM) at I"-point.
The (12, 12) armchair NT is an indirect band gap (E, =0.575¢eV) with the VBM and CBM at
two mid points along I'-X symmetric lines. From Fig. 3, we also can see compressive (tensile) strain
can increases (reduces) the band gap for both zigzag and armchair CrS, NTs. the band gap of (14, 0)
and (12, 12) CrS, NTs can change from 0.382 eV and 0.838 eV at ¢ =—8% to 0.06 eV and 0.276
eV at £ =—8%. For the (14, 0) zigzag NT, the VBM and CBM always locate atI-point under
different strain. While, for the (12, 12) armchair NT, the VBM and CBM approach each other along
I'-X line with the strain change from 8% to -8%.

Fig. 3. Band structures of (a) (14, 0) and (b) (12, 12) nanotube
under uniaxial strain, respectively.

Fig. 4 shows variations of the band gap of CrS, NTs under the uniaxial strain. For the (10, 0)
NT with the relatively small radius, the band gap is zero without strain. While, for other NTs, the
band gaps increase with the increasing of tube radius without strain. For armchair NTs, the uniaxial



305

tensile (compressive) strain can linearly decrease (increase) the band gap. The band gap of (14, 0)
also linearly reduce under the tensile strain, while the band gap increase in nonlinear fashion under
uniaxial compressive stain. Under the compressive strain, the (10, 0) NT can possess no zero band
gap. For (12, 0) NT, the band gap reduce to zero at ¢ = 6% . Additionally, the slopes of band gap
versus strain for the NTs with larger band gap without strain are larger than that of the NTs with
smaller band gap. Fig. 5 shows the variation of the band gap of CrS, NTs under different radial
compressive strain. We find the band gap of the NTs decrease slightly with increasing radial
compressive strain except for the (10, 0) NT. Obviously, the axial strain is the more effective
method for tuning the band gap than radial strain.
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Fig. 4. Energy gap of CrS, nanotubes as a function of uniaxial strain.
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Fig. 5. Energy gap of CrS, nanotube as a function of radial strain.
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Fig. 6. The effective mass (in units of the free electron mass mg)
of electron for CrS, nanotube under uniaxial strain.
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Fig. 7. The effective mass (in units of the free electron mass mg)
of electron for CrS, nanotube under radial strain.

From Fig. 3, we can observe strain can also change the energy band curvature besides the
band gap, which can lead,to changes in the effective mass of electron. It can be calculated using
m* = [;dZE(k)/de; , where E (k) is the energy band, k is the coordinate vector in the
reciprocal space, and is the reduced Planck constant. Fig. 6 shows the effective mass of
electron under uniaxial strain. Under zero strain, for (8, 8), (10, 10), (12, 12), (12, 0) and (14, 0)
NTs, the effective masses of electron are 0.93, 0.91, 0.92, 1.11, and 0.77 m,, respectively. These
masses are larger than that of monolayer CrS, with m" =0.65m, [28]. For zigzag NTs, it is
obvious that the effective mass of electron is sensitive to strain. In contrast, for armchair NTs, both
compressive and tensile strains increase slightly the effective mass of electron. Fig. 7 shows the
effective mass of electron under radial compressive strain. It can be seen that the effective mass of
electron increases gradually with increasing radial compressive strain for all NTs.

4. Conclusions

In summary, the mechanical properties and the effects of different strain on the band
structure and effective mass of electron have been studied by first-principle calculations. It is
found that the Young’s modulus increases with the increasing of the tube diameter for both zigzag
and armchair NTs, and the Young’s modulus of the armchair NTs is larger than that of the zigzag
NTs for the same tube diameter. While the Poisson ratio of the NTs increase (decrease) with the
increasing of the radius for zigzag (armchair) NTs. Under uniaxial strain, the band gap of the
armchair NTs can vary linearly, while, for the zigzag NTs, the tensile or compressive stain can
reduce linearly or increase nonlinearly the band gap, respectively. In addition, the radial
compressive strain can also increase slightly the band gap for both the zigzag and armchair NTs.
Furthermore, the band gap of the CrS, NTs can reduce to zero under the suitable uniaxial tensile
stain. In addition, the uniaxial and radial strain can also tune the electron effective mass of the
CrS, NTs. Our results highlight the strain-tunable electronic properties of CrS, NTs, which is a
promising candidate for the applications on nanoscale strain sensor.
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