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ABSTRACT: Two-dimensional (2D) transition-metal dichalcogenides (TMDs) are new crystalline materials with exotic electronic,
mechanical, and optical properties. Due to their inherent exceptional mechanical strength, these 2D materials provide us the best
platform for strain engineering. In this study, we have performed first-principles calculations to study the effect of uniaxial strains on
the electronic, magnetic, and mechanical properties of transition-metal dichalcogenides (TMDs) MX, (where M = Cr, Mo, W and X
=S, Se), monolayers (2D), and armchair and zigzag nanoribbons (1D). For the mechanical strength, we determined the tensile
strength (6) and Young’s modulus (Y) and observed that ¢ and Y are higher in monolayers (most in WS,ML) as compared to
nanoribbons where monolayers resist tension up to 25—28% strain while nanoribbons (armchair and zigzag) can be only up to S—
10%. Deformation potential (A,) in the linear regime near the equilibrium position(e < 2%) has also been calculated, and its effect
on monolayers is observed less as compared to nanoribbons. In addition, unstrained nonmagnetic monolayers are direct band gap
semiconductors (D) which changed to indirect band gap semiconductors (I) with the application of strain. Ferromagnetic states of
metallic zigzag nanoribbons (including up spin channel of 7-CrS,NR and 7-CrSe,NR) are greatly affected by strain and show half-
metal-like behavior in different strain range. The magnetic moment (x) that is predominantly observed in zigzag nanoribbons is 2
times higher than that of other nanoribbons. This magnetism in nanoribbons is mostly caused by transition-metal atoms (M = Cr,
Mo, W). Thus, our study suggests that strain engineering is the best approach to modify or control the structural, electronic,
magnetic, and mechanical properties of the TMD monolayer and nanoribbons which, therefore, open their potential applications in
spintronics, photovoltaic cells, and tunneling field-effect transistors.

H INTRODUCTION hybridization,"* high electron mobility," thermal conductiv-
Over the past decade, two-dimensional (2D) materials have ity,"* and exceptional mechanical properties.'’ >’ Motivated
attracted great research interest due to their novel electronic

and mechanical properties'”” and have been found to be Received: July 28, 2022

potential candidates for future piezoelectric devices,"* flexible Accepted: October 13, 2022

electronics,” strain sensors'® and nanoelectro-mechanical Published: October 25, 2022

devices (NEMD)."" The era of 2D materials started with the
invention of graphene in 2004.'" Graphene has an atomically
thin honeycomb structured layer of carbon atoms with sp?
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Table 1. Unstrained Lattice Constant (a,), Unstrained Energy Band Gap (E,), Deformation Potential (A,), Percentage of
Tensile Strain (€), Tensile Strength (6™), and Young’s Modulus (Y) for the Studied MX,MLs

tensile strain (%)

tensile strength (GPa)

system ag (A) Eg (eV) A, (eV) (€x) (ey) (o%) (o) Y,, (GPa) Y,, (GPa)

CrS,ML 3.072° 0.970 (D)* 74 25 25 23.68 23.18 165.5 164.2

CrSe,ML 3.235¢ 0.789 (D)" -19 27 27 20.47 20.47 154.5 153.9

MoS,ML 3.207° 1.626 (D) 114 26 25 25.40 25.43 2134 2164

—12.0% 16—30°, 22 + 4° 217.6% 197

MoSe,ML 3.340° 1.46 (D)* —45 28 25 22.48 22.49 1784 1782
—4.52 171.44

WS,ML 3.214° 1.83 (D)* -12.9 28 27 28.06 27.98 2315 231.6
3.24" 1.73 (D)? 218.87

WSe,ML 3.345¢ 1.582 (D)“ -59 28 28 24.52 24.53 196.5 196.3
201.57

“Reference 40 (earlier work). “Reference 63. “Reference 64. “Reference 65. “Reference 10./Reference 66. SReference 67.

Table 2. Unstrained Lattice Constant (a,), Unstrained Energy Band Gap (E,), Deformation Potential (A,), Magnetic Moment

(#), Conductance (G), Percentage of Tensile Strain (e

xx

for Zigzag NRs and ¢€,, for Armchair NRs), Tensile Strength (o,, for

Zigzag NRs and 6,, for Armchair NRs), and Young’s Modulus (Y, for Zigzag NRs and Y,, for Armchair NRs) for the Studied

MX,NRs
system a, (A) Ey (eV) A, (ev)
7-ACrS,NR 5.369" 0.132 (D) 1 -3.8
0.688 (1) |* -2.6
5-ZCrS,NR 3.169° - -
0.626 (1) }* +6.4
7-ACrSe,NR 6.079° 0322 (D) 1° +0.7
0.543 (D) |* —1.4
5-ZCrSe,NR 3.3937 - -
7-AMoS,NR 5.510° 0.396 (1)“ —0.2
5-ZMoS,NR 3.170° - -
7-AMoSe,NR 5.752¢ 022 ()¢ +1.1
5-ZMoSe,NR 3.311° - -
7-AWS,NR 5.520° 0.36 (D)* +0.5
5-ZWS,NR 3.174° - -
7-AWSe,NR 5.687° 0.384 ()¢ +1.8
5-ZWSe,NR 3.316° - -

“Reference 40 (earlier work). "Reference68.

Ho (K3 /basis) G (Go) sy (%) sy (GPa) Yoy (GPa)
0.571¢ — 10 4.84 21.5
0.800“ 21¢ 6 4.86 93.9
0.571¢ - 10 5.71 60.0
0.606“ 11° 10 5.86 83.3

2
0.000° - 10 7.96 103.4 (136)°
0.366 31 9 8.47 159.9
31"
0.000“ - 4.92 75.6
0.436“ 41 S 4.62 90.1
7 1%
0.000“ - 8 7.98 130.2
0.364" 317 8 9.79 184.5
2
0.000“ - 7 4.83 69.1
0.343° 319 8 622 1343
2

by graphene, various other graphene-like 2D nanomaterials,
such as the hexagonal-boron nitride,”" silicene/germanene,”***
transition-metal dichalcogenides (TMDs),”*~*” phosphor-
ene,”® carbides and nitrides””** and many more have been
studied extensively.

Among various 2D nanomaterials, applications of TMDs in
various fields such as electronics,”’ optoelectronics,‘%z’33
photonics,34_36 sensors,”*7'%*"  thermoelectrics,*® catalysi-
s, %etc. have shown great promise, which leads to development
of new technologies. More than 40 different categories of
various TMDs have been explored so far in which CrS,, CrSe,,
MoS,, MoSe,, WS,, and WSe, monolayers (MLs) are switched
for applications in electronics.”>****0*!

Also, in past years, researchers have found that one-
dimensional (1D) nanostructures (i.e nanoribbons, nanotubes,
nanoflakes, and nanowires) also show excellent properties due
to quantum confinement, low dimensionality, and edge
effects.””"*~*" Hence, confining 2D nanostructures/mono-
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layers to 1D nanoribbons of MX,-layered materials further
extends their applications in various fields.*~*
Strain-induced electronic band structure tuning is another
way to further fine-tune the properties of TMDs which helps
us design devices that are very helpful in the piezoelectric
industry, flexible electronic devices, and NEMDs. 571!
Because of the wide-range tunability of the energy band gap
of TMDs via strain, they have been studied both
experimentally*®*’ and theoretically.”***”*° Qi et al. have
studied edge stresses in MoS,ML."! Zhang et al. showed that
the band gap of WX, (X = S, Se) increases with increasing
strain.”> The effect of tensile strains on the electronic
properties of early TMD monolayers (TMDMLs) MX, (M
= Sc, Ti, Zr, Hf, Ta, Cr; X = S, Se, and Te) was studied by Guo
et al.>® Strain engineering in single, bi-, and trilayer MoS,,
MoSe,, WS,, and WSe, was studied by Carrascoso et al.>*
Electronic and magnetic properties of MoS,”> and WS,
nanoribbons could be controlled by applying strain, indicating

https://doi.org/10.1021/acsomega.2c04763
ACS Omega 2022, 7, 40054—40066
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Figure 1. Representative scheme of MX, (M = Cr, Mo, W and X = S, Se) with applied strain along its periodic axis: (a) MX, monolayers with
elongative uniaxial strain (EUS) and compressive uniaxial strain (CUS) along the x-direction (€,,) and y-direction (¢,,). (b) Armchair nanoribbons
(AMX,NR) with EUS and CUS along the y-direction (eyy). (c) Zigzag nanoribbons ZMX,NR with EUS and CUS along the x-direction (e,,).

Numbers 5 and 7 represent the ribbon width.

their potential applications to spintronics and photovoltaic
cells.

To the best of our knowledge, no studies have been
performed using uniaxial strain (US) on the spin-dependent
mechanical properties of TMD nanoribbons and their
comparison with the corresponding TMD monolayers. In
addition to various available studies on TMD monolayers, we
have systematically studied the effect of uniaxial strain on the
electronic band structure of nanoribbons (both armchair and
zigzag nanoribbons) and compare them with the correspond-
ing monolayers.

B METHODOLOGY

First-principles-based calculations for all MLs and NRs of
TMDs were conducted using SIESTA (Spanish Initiative for
Electronic Simulations with Thousands of Atoms).””®
Troullier—Martins norm conserving, relativistic pseudopoten-
tial, and the generalized gradient approximation (GGA) with
in the format of Perdew—Burke—Ernzehof (PBE)>” was used
for the exchange-correlation functional. Structures have been
relaxed until each atom has forces less than 0.01 eV/A. We
have employed double-{ polarization (DZP) basis sets with a
confinement energy of 20 meV and 350 Ry mesh cutoff energy
in all our simulations. 15 X15 X 1, 15X 1 X 1,and 1 X 15 X 1
Monkhorst pack for 2D (monolayer of MX,) and 1D
(armchair and zigzag nanoribbons of MX,) systems,
respectively, have been used for Brillouin zone integration.é0
A vacuum of about 15 A has been used to avoid interactions
between periodic images. We have modeled a single-layered
2D sheet of all MX, (M = Cr, Mo, W, and X = S, Se) by taking
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three atoms (one M and two X) per unit cell. The armchair
and zigzag nanoribbons of all MX, are formed by cutting a
MX, monolayer along different directions followed by 21 (7 M
and 14 X atoms) and 15 (5 M and 10 X atoms) atoms per unit
cell for modeling armchair and zigzag nanoribbons, respec-
tively.

B RESULTS AND DISCUSSION

To investigate the electronic and mechanical properties of
unstrained (UTMD) and strained transition metal dichalco-
genides (STMD), we first relaxed the atomic positions and
lattice vectors to obtain the optimized geometry of each
monolayer and nanoribbon of MX, (MX,ML and MX,NR).
The relaxed configurations were obtained by minimizing the
total energies of each systems. All the optimized lattice
parameters for UTMD and STMD are listed in Table 1 and 2.
We have compared our results with available results of
MX,MLs*>7>%°"* and they are in good agreement with the
available data. The unstrained band gap (Eg()) and lattice
constant (a,) of all monolayers and nanoribbons (armchair
and zigzag) are computed and given in Tables 1 and 2. All
unstrained monolayers (CrS,, CrSe,, MoS,, MoSe,, WS,, and
WSe,) are direct band gap semiconductors. Armchair nano-
ribbons (unstrained) are both direct as well as indirect
semiconductors while zigzag nanoribbons are metallic, and the
results are in good agreement with previous DFT results and
our earlier work.”” The effect of strain on monolayers and
nanoribbons explained below.

Strain Effect on Structural Properties. The crystal
structure of the MX, monolayers and nanoribbons under

https://doi.org/10.1021/acsomega.2c04763
ACS Omega 2022, 7, 40054—40066
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Figure 2. Stress vs strain curves for MX,MLs. Red vertical line at € = 0% corresponds to the optimized structure before strain; € < 0is CUS and € >
0 is EUS. (a) Uniaxial strain along the x-direction (€,,) and (b) uniaxial strain along the y-direction (eyy). Tensile strength is the peak value of each

curve.
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Figure 3. Stress vs strain curves for MX,NRs. Red vertical line at € = 0% corresponds to optimized structure before strain; € < 0is CUS and € > 0 is
EUS. (a) Uniaxial strain (e,,) applied to 7-AMX,NRs along the y-direction (periodic direction). (b) Uniaxial strain (e,,) applied to 5-ZMX,NRs

along the x-direction (periodic direction).

uniaxial strain are given below in Figure 1. M (Cr, Mo, W)
atoms occupy one sublattice of the hexagonal sheet, and X (S,
Se) atoms occupy the other. However, due to the chemical
ratio of M:X = 1:2, the M atom is sandwiched between two
nearby X sublattice layers. By cutting single-layer MX, along
different directions, we obtain two types of nanoribbons viz.
armchair (periodic along y-direction) and zigzag (periodic
along x-direction). The studied unstrained armchair and zigzag

40057

nanoribbons are referred as 7-AMX,NR and S-ZMX,NR,
respectively, where 7 and S represent the seven vertical
columns of armchairs and five horizontal zigzag rows. The
uniaxial tensile strain on 2D MLs is applied in the x-direction
(é,) and y-direction (eyy).

The tensile strain isdefined as € = (a — a,)/ag, where a, and
a are the lattice constant of unstrained and strained MLs and
nanoribbons, respectively. Hence, positive and negative values

https://doi.org/10.1021/acsomega.2c04763
ACS Omega 2022, 7, 40054—40066
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Figure 4. Young’s modulus bar graph for all monolayers and nanoribbons.
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Figure 5. Computed isotropic electronic band structures of CrS, monolayer along the (a) x-direction with strain €,, = —5% to +25% and (b) y-
direction with strain €, = —5% to +25%. Blue color represents the direct or indirect band gap with applied isotropic strain.

P

of € represent the elongative strain and compressive strain,
respectively. In our work, uniaxial strain is applied along the
periodic direction to each system of MLs and NRs as shown in
Figure la—c. The compression and elongation i.e., both negative
and positive uniaxial strain, range is different for MLs and NRs.
For MLs and NRs applied strain ranges from —5 to +30% and
—S5 to +12%, respectively, as shown in Figures 2 and 3.

The tensile strength of a material represents its capacity to
withstand load or resist tension before breaking a material. The
higher the tensile strength the greater the capacity of a material
to withstand tension. The stress varies directly with applied
strain up to a particular limit and then starts decreasing. The

region up to which it varies linearly is the elastic region,
followed by a plastic region, and ultimately the system deforms.
The maximum value of strain up to which plasticity is retained
provides us the value of the ultimate tensile strain, and the
corresponding stress value gives the ultimate tensile strength
(UTS) (or simply tensile strength (¢™)) of the system.®””’ We
have applied the strain until UTS is not achieved. The UTS
along the x- (¢};) and y-direction (o},) and the corresponding
tensile strain (e, and €,,) for MX,MLs are listed in Table 1
and also shown in Figure 2. We observed that the values of €,,
and €,, are roughly the same for both the x- and y-directions,
respectively. This is due to identical environment of atoms

https://doi.org/10.1021/acsomega.2c04763
ACS Omega 2022, 7, 40054—40066
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Figure 6. Variation of energy band gap of CrS,ML (a), CrSe,ML (b), MoS,ML (c), MoSe,ML (d), WS,ML (e), and WSe,ML (f) monolayers with
CUS and EUS (along the x- and y-direction). For € < 0, the strain is CUS and for € > 0, it is EUS. D and I are the direct and indirect band gaps. (a)
Adapted in part from ref 53. Copyright 2014 American Chemical Society. (b) Adapted in part from ref 72. Copyright 2012 American Chemical

Society (shown in green).

along both directions in the each MLs. WS,ML has maximum
tensile strength and hence this system has most withstand
capacity, whereas CrSe,ML has least value. The order of tensile
strength for monolayer is WS,ML > MoS,ML > WSe,ML >
MoSe,ML > CrS,ML > CrSe,ML.

The armchair and zigzag nanoribbons are deformed at low
value as compared to monolayers and have low tensile strength
as shown in Figure 3. Among all armchair nanoribbons 7-
AWSe,NR has the least tensile strength, whereas 7-AWS,NR
has the maximum tensile strength and the order of tensile
strength is 7-AWS,NR > 7-AMoS,NR > 7-ACrSe,NR > 7-
AMoSe,NR > 7-ACrS,NR > 7-AWSe,NR. On the other hand,
among all zigzag nanoribbons 5-ZMoSe,NR shows the least
and 5-ZWS,NR shows the maximum tensile strength, and the
order of tensile strength in this case is S-ZWS,NR > §-
ZMoS,NR > 5-ZWSe,NR > $-ZCrSe,NR > 5-ZCrS,NR > 5-
ZMoSe,NR.

We found that WS,ML and their nanoribbons (both
armchair and zigzag) have a higher load-withstanding capacity
(i.e., highest tensile strength). It is also noted that when the
chalcogen atom S changes to Se with the same transition metal,
the tensile strength is decreased except for the CrX, (X = S,
Se) nanoribbons.

We have also calculated the Young’s modulus (Y) for
MX,MLs and MX,NRs. Young’s modulus is the slope of
stress—strain curve in the elastic region”' and is given as
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_ Ao

Y=
Ae

(1)

elastic region

The estimated values of Young’s modulus for MX,MLs along
the x- and y-directions (Y, and Yyy) and armchair and zigzag
nanoribbons are listed in Tables 1 and 2. The observed values
of Young’s modulus are in good agreement with the previous
results. Also the values of Young’s modulus along the x- and y-
directions are roughly the same. They follow the same trend
for the studied MLs as seen for tensile strength because
Young’s modulus is proportional to tensile strength as stated in
eq 1. For armchair and zigzag nanoribbons Young’s modulus
follows the order 7-AWS,NR > 7-AMoS,NR > 7-AMoSe,NR
> 7-AWSe,NR > 7-ACrSe,NR > 7-ACrS,NR and 5-ZWS,NR
> 5ZMoS,NR > 5-ZWSe,NR > 5-ZCrS,NR > 5-ZMoSe,NR
> 5-ZCrSe,NR, respectively.

The Young’s modulus for each system is shown in Figure 4.
It is found that Young’s modulus of armchair nanoribbons is
lower than the corresponding zigzag nanoribbons, and
monolayers have a maximum value of Young’s modulus in
comparison to all studied nanoribbons. Hence, monolayers are
mechanically stronger (WS,ML is max) than the correspond-
ing nanoribbons.

Strain Effect on Electronic Properties of Monolayers.
The effects of strain on the electronic band structures of all
MX,MLs are shown in Figures 5 and S1—S5. It is noted that
the energy band gap (Eg) changes greatly at different strain
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spin up and spin down, respectively, with applied strain.

percentages, and this variation of energy band gap (E,) with
external applied strain on MLs is shown in Figure 6. The
energy band gap reduces with the applied strain along both the
- and y-directions. It switches from a direct (D) to indirect (I)
band gap with EUS, and in CUS it switches to an indirect band
gap except for CrS,ML and CrSe,ML.

MoX,ML and WX,ML. The energy band gap of MoS,ML
along the x- and y-directions increases up to —4% when
compression is applied, ie, € < 0, and after —4% of
compression, it decreases as shown in Figure 6(c). A similar
trend has been observed for MoSe,ML, WS,ML, and WSe,ML
at —3%, —3%, and —2%, respectively (Figure 6(d)—(f)). When
strain is positive, ie., € > 0 for EUS, the band gap of all the
monolayers of MoX,ML and WX,ML decreases. The band gap
of WS,ML starts increasing slightly beyond €., = +25% and €,,
= +25%, and in WSe,ML, it increases beyond €,, = +25% and
€,, = +27%. We observed that the unstrained MoX,;MLs and
WX,MLs are direct band gap semiconductors, and changes to
indirect band gap semiconductors with compression and
elongation strain at different strain percentage are as shown in
Figure 6(c—f). Our DFT results of E, resemble earlier data for
MoX,ML and WX,ML"* where only elongatlve strain has been
applied to monolayers as shown in Figure 6(c—f) in green.

CrX,MLs. The electronic band structure at different strain
percentages for CrX,MLs are shown in Figures S and S1. The
variation of E, with applied strain (both CUS and EUS) for
CrX,MLs is shown in Figure 6(a,b) along the x-direction and
y-direction. E, decreases with the increase in EUS (e > 0) and
increases with CUS (e < 0).

It is noted that unstrained CrX,MLs are direct band gap
semiconductors; with elongation along the x-axis they become
indirect band gap semiconductors, but with compression along

the x-axis they remain direct band gap semiconductors. On the
other hand, unstrained CrS,ML (with strain along y-axis) is a
direct band gap semiconductor and becomes an indirect band
gap semiconductor with both tensile and compressive strain
(Figure 6(a)), whereas CrSe,ML (with strain along the y-axis)
is a direct band gap semiconductor from —2% to +2% strain
and in the rest of the region it is an indirect band gap
semiconductor. These monolayers also show semiconductor to
metal transitions with elongative tensile strain. CrS,ML
becomes metallic beyond the tensile strain of +19% (for the
x- and y-directions), whereas CrSe,ML is metallic beyond
+22% (for strain along the x-direction) and +23% (for strain
along the jy-direction). The estimated variation of E, of
CrX,MLs with applied strain matches with earlier results™
shown in Figure 6(a,b).

Strain Effect on Electronic properties of Armchair
and Zigzag Nanoribbons. The calculated spin-resolved
electronic band structures of armchair and zigzag nanoribbons
are shown in Figure 7 and S6—S10. We observed that all of the
unstrained armchair nanoribbons are semiconducting and
zigzag nanoribbons are metallic except for S-ZCrS,NR
(metallic for up spin and semlconductmg for down spin)
which behaves like a half metal.*” The variation of energy band
gap with applied strain for all armchair NRs and 5-ZCrS,NR
and 5-ZMoS,NR are shown in Figure 8.

S-ZCrS;NR shows half-metal-like behavior in the strain
range —2% to +3%, and beyond this it behaves like a metal for
both spin up and spin down (Figure 8(g)). S-ZMoS,NR also
shows half-metal-like character at a tensile strain of +8%—9%,
and below +8% it behaves like metal (Figure 8(h)).

7-ACrX,NRs are magnetic semiconductors for both spin up
and spin down, while all other armchair nanoribbons are
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nonmagnetic semiconductors as reported earlier in previous
work.*” 7-ACrS,NR for spin up shows indirect—direct—
indirect band transitions, while down spin is direct band gap
only. Between a strain of —3% to +7% it exists as direct band
gap semiconductors and above or 3% strain it exists as indirect
band gap semiconductors. In the case of 7-ACrSe,NR, spin
down shows direct—indirect—direct band transition at strain of

The shift in bands in the case of 7-ACrX,NR is different for
up and down channels (Figure 9(a,b)). In the positive strain of
7-ACrS,NR, the DOS of conduction bands comes closer to the
Fermi level faster than the DOS of valence bands.

Deformation Potential A,. Deformation potential in the
linear regime is defined as

AE
+2% and +4%, and spin up remains a direct band gap A = 8
semiconductor in the range of compressive and tensile strain. P Aexx(yy) (2)

The nanoribbons 7-AMoX,NR, and 7-AWS,NR have direct-
to-indirect or indirect-to-direct band gaps only. 7-AMoS,NR is
a direct band gap above the strain of +8% for both spin up and
down, while for 7-AMoSe,NR it is direct band gap above
(below) +0%, and it is indirect band gap semiconductor
(Figure 8(c,d)). These indirect-to-direct band transitions lead
us to manufacturing optoelectronics devices. Further 7-
AWS,NR is a direct band gap semiconductor below 3%,
above that strain it is an indirect band gap semiconductor, and
7-AWSe,NR is an indirect band gap semiconductor for all
values of strain (Figure 8(ef)).

The change in energy band gap with strain (Figure 8) can
also be understood from TDOS and PDOS plots which are
given in Figures 9, 10, S11, and S12. TDOS and PDOS of 7-
ACrS,NR and 7-ACrSe,NR are different for up and down
channels, while they are symmetrical for all other armchairs
NRs (Figure 9(a,b)). We observed that when the strain is
increased from 0% to +10% in 7-AMoS,NR the DOS of
valence bands and conduction bands comes closer to the Fermi
level in which the Mo atom with 4d and Ss orbitals contributes
most as compared to the S atom, while for negative strain (ie.,
CUS) the bands do not get far from each other at €y = —5%
(Figure 10(a)). The band gap opening is opposite in 7-
AMoSe,NR, where at ¢,, = —5% bands comes closer and for
positive strain (i.e,, EUS) at €,, = +4% to €,, = +7%, they move
farther away (Figure 10(b)).
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We have estimated the A, from the E, vs €,,(yy) plots in the
linear regime near the equilibrium position (¢ < 2%). The
estimated values of A, for the studied monolayers and
nanoribbons are listed in Tables 1 and 2. It is calculated for
those systems which are semiconductors in nature.

We observed that the A, is higher when the monolayers
contain an S atom as compared to an Se atoms in which
WS,ML has the highest value at —12.9 eV and CrSe,ML has
the least value (—1.9 eV). Our DFT results of MoS,ML and
MoSe,ML give almost the same value (—4.5, —11.4 eV) as
reported earlier by Kumar et al.®” (Table 1). In the case of
armchair nanoribbons, the value of A, is less as compared to
the monolayer and becomes positive for AMoSe,NR,
AWS,NR, and AWSe,NR. A smaller value of A, for the
nanoribbons suggests that electronic and optoelectronic
properties of nanoribbons do not change with strain and
hence their opto-electronic and electronic devices can be
fabricated on the substrate.””

Magnetic Moment. The variation of magnetic moment y
and conductance G, which is the measurement of the number
of band lines crossing the Fermi energy (Ez)”"”> with applied
strain, is shown in Figure 11. The conductance is higher when
the strain is positive (elongation) as compared to negative
(compression).

The magnetic moments (¢) are also affected by the strain,
which is shown in Figure 11. All of the zigzag nanoribbons are
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Figure 11. Zigzag nanoribbons MX, (M = Cr, Mo, W; X = S, Se) (a—f) with applied strain. Conductance (left) and magnetic moment (right side
by blue curves) of each zigzag nanoribbon (both spin up and down). Curves (g) and (h) are the armchair nanoribbons which have magnetic

moments for the spin up channel.

metallic with some magnetic moment to each value of applied
strain. The magnetic moment to each system is mainly
attributed by the spin vectors of M = Cr, Mo, W, S or Se atoms
at their different positions. The vector representations that
contribute to the magnetic moments with applied strain
(positive and negative) are shown in Figure 12.

We observed that at 0% strain each system has some value of
#, and as the strain increases to positive direction (elongation)
the value also increases and at high positive strain it decreases.
In zigzag nanoribbon S-ZCrS,NR at 0%, # is 0.8 (4p/pasis), and
with compression, its value decreases to 0.73 (fp/pqss) at —5%
strain (Figures 11(a) and 12 (a)), but when the strain is
positive (elongation), it is almost constant and then decreases
to 0.61 (MB/basis) at +4%.

This is due to the magnitude of spin vectors contribution by
Cr atoms only at the left and right edges (Figure 12(a)). In
compression, the magnitude of spin vectors decreases which
results in a decrease in the value of u. Hence, the magnetic
moment is proportional to the magnitude of the spin vectors of
each atom (Figure 12). Similarly, we can see this trend in S-
ZCrSe,NR, where each Cr-atom contributes to the magnetic
moment at different percentages of strain (—5%, 0%, +5%,
+10%).

Contributions by S and Se atoms are also observed in the
case of ZMoX, and ZWX, along with transition-metal atoms
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(M = Mo, W), and the magnitude of Mo spin vectors is high in
5-ZMoSe,NR, which continues increasing with positive strain.

Two armchair nanoribbons have magnetic moment only for
spin up channels, as shown in Figures 11(gh) and 12 (gh).
Also we found that the CrX, systems show magnetic moments
only due to the Cr atoms. Thus, these spin based materials can
be useful for spintronics devices.

B CONCLUSION

In summary, we performed first-principle calculations to study
the electronic and mechanical properties of various transition-
metal dichalcogenides TMDs MX, (where M = Cr, Mo, W and
X = S, Se) in their two-dimensional and one-dimensional
structures under different strain percentages using DFT theory.
We have used uniaxial compressive- and elongation-type
strains to each systems. We found that each monolayer and
nanoribbon is stretchable up to a particular strain percentage
and also the effect of strain is least in monolayers as compared
to nanoribbons. The high value of tensile strength and Young’s
modulus in monolayers reveals to us that they have greater
capacity to withstand tension. In electronic properties, the
band gap decreases with positive strain (EUS) and increases up
to —4% in negative strain (CUS) and all the unstrained
nonmagnetic monolayers and armchair nanoribbons are direct
band gap semiconductors, and by applying strain, they are
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Figure 12. Spin vector representations of zigzag nanoribbons MX, (M = Cr, Mo, W; X = S, Se) with strain. Structure (g) and (h) are for armchair
nanoribbons with some value of magnetic moment for the spin up channel.

changed from direct to indirect and vice versa. All metallic
zigzag nanoribbons (ZMX,) and spin up channels of 7-
CrS,NR and 7-CrSe,NR are also affected by strain.
Ferromagnetic states of metallic zigzag nanoribbons including
spin up channels of 7-CrS,NR and 7-CrSe,NR show half-
metal-like behavior in different strain ranges. The magnetic
moment increases with strain, and with further increases in
strain its value decreases for different systems. This effect is
mainly caused by transition-metal atoms (M = Cr, Mo, W).
Thus, our studies suggest that the strain engineering in the
TMD monolayers and nanoribbons have diverse applications
in nanodevices such as FETs, optoelectronics, spintronics, and
photovoltaic cells.
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