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Introduction

Historically, alloying has been an effective technique
for modifying the electronic structure of semiconduc-
tor materials, as extensively documented in the litera-
ture [1-3]. An alloy is essentially a mixture or solu-
tion comprising two or more elements, which often
exhibits unique characteristics distinct from those of
its individual components. The interactions within an
alloy can vary, ranging from covalent to electrostatic
interactions in ionic bonds. For instance, MoS, is a
compound where Mo atoms are bonded to S atom:s,
but Cr,Mo,_,S, is an alloy comprising both CrS, and
MoS, in a specified x:(1-x) molar ratio [4]. Through
varying the molar ratios in such alloys, it is possible
to engineer changes in the energy bandgap and lattice
parameters, thereby enhancing their photoelectric and
catalytic performance [5].

In recent years, transition metal dichalcogenides
(TMDs) have received considerable attention owing
to their unique characteristics, which include high
mechanical strength, a direct bandgap, and optical
transparency [6-9]. Despite this, the field of alloying
these materials still demands more exploration [4,
5]. TMDs follow a general AB, formula, where A is
a transition metal (like Mo, W, Cr, etc.) and B is a
chalcogen (such as S, Se, and Te). These compounds
can exist in more than 40 different forms, with their
electronic structures ranging from metallic (e.g., VS,,
NbS,) to semiconductor (e.g., WS,, MoS,) [10-13]. In
terms of crystal structure, TMDs are divided into two
most stable groups: the honeycomb (2H) with D6h
symmetry and centered honeycomb (1T) with D3d
symmetry. Both these crystal structures comprise
three layers of atoms, where a layer of A atoms is
sandwiched between two layers of B atoms. The atoms
in these structures are held together by weak out-of-
plane van der Waals interactions (between the layers)
and strong in-plane chemical interactions (within the
layers) [14].

The unique structural features of TMDs have led
to their widespread use in both fundamental and
applied research. As a significant member of the 2D
material family, TMDs, particularly MoS,, exhibit
promising applications across various electronic and
energy-related fields. These materials are utilized as
electrodes in lithium-ion batteries [15], where their
high surface area and excellent conductivity enhance
energy storage capabilities. Additionally, TMDs are
integral components in rechargeable batteries [16],
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offering improved charge—discharge cycles and
stability.

In the realm of renewable energy, TMDs serve as
efficient materials for solar cells [17], owing to their
tunable bandgaps and high absorption coefficients.
Their sensitivity to environmental changes makes
them suitable for gas sensors [18], where they detect
trace amounts of gases with high precision. Moreover,
TMDs play a crucial role in the hydrogen evolution
reaction (HER) [19, 20], acting as effective catalysts due
to their active edge sites and catalytic properties.

TMDs are also prominent in electrocatalysis
[21-23], where their unique electronic structures
facilitate various electrochemical reactions. In
optoelectronic applications, TMDs, including MoS,,
form heterostructures that enable novel functionalities
in devices such as photodetectors and light-emitting
diodes. These materials are pivotal in the development
of electronic devices like field-effect transistors (FETSs)
[24, 25], where their high on-off ratios and carrier
mobility contribute to enhanced device performance.

Recent advancements have also highlighted the
potential of TMDs in plasmonic applications, where
their interaction with light at the nanoscale enables
significant enhancements in optical properties.
Studies have demonstrated the utility of TMD-based
heterostructures in optoelectronic devices, leveraging
their plasmonic properties to improve efficiency and
functionality [23, 26, 27].

Among the various TMDs, MoS, has been of par-
ticular interest due to its unique semiconducting
properties, which are similar to those of carbon-based
graphite [28, 29]. Research on MoS, has predominantly
focused on fabrication techniques [30], bandgap engi-
neering [31, 32], and the development of 2D MoS, for
electrocatalytic applications by structural engineering
[26, 27, 33]. Given the similarity in the structures of
TMDs, MoS, can readily form alloys with other TMDs.
Furthermore, the versatility of TMDs provides a new
route to achieve suitable electronic structures by creat-
ing complex alloys. In the alloying process of TMDs,
if the two components share a structural phase, they
may form homogeneous alloys (solid solutions), with
both types of metals occupying positions in the sys-
tem. However, if solid solutions are thermodynami-
cally unstable, they tend to form heterostructures
[34-36]. In essence, the atomic structure has a pro-
found impact on the electronic structure of TMDs.
Therefore, understanding the intricate details of the
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structural phase and electronic properties is vital for
the design of TMD alloys.

In this study, following an investigation of
structural stability, MoS,, which is stable in the 2H
structural phase (2H-MoS,), was selected. Due to the
stability of CrS, in the 2H structural phase, the Cr atom
was chosen to create the Cr,Mo,_S, alloy. To form the
Cr,Mo,_S, alloy with compositions x =0, 0.125, 0.25,
0.375, 0.50, 0.625, 0.75, 0.875, and 1, a 2 x 2 x 1 supercell
of 2H-MoS, was utilized, and some Mo atoms were
replaced with Cr atoms. Following optimization,
the structural, mechanical, electronic, and optical
properties of this alloy were thoroughly investigated.

Method

In this research, the WIEN2k computational package,
based on density functional theory (DFT), was utilized
for all calculations [37]. This package allows for
detailed investigation of materials’ properties at the
atomic level. For the exchange-correlation potential,
two approaches were employed: the generalized
gradient approximation (GGA) and the generalized
gradient approximation augmented with the modified
Becke-Johnson potential (mBJ-GGA). These methods
are well-established in the field for analyzing the
electronic properties of materials.

The R, [K,,.x parameter, crucial in DFT calculations,
was set at 8. This parameter represents a balance
between computational efficiency and accuracy,
with R, denoting the smallest radius of the unit cell
atomic sphere and K., being the largest reciprocal
lattice vector [38—40]. The separation energy between
core and conduction electrons was chosen as -6 Ry, a
standard value in such computational studies.

Our study focused on varying concentrations
of Cr within the MoS, crystal to form Cr,Mo,_S.,.
The structural, mechanical, electronic, and optical
properties of these alloys were systematically
investigated under these varying concentrations.
The Brillouin zone (BZ) of Cr,Mo,.S, was sampled
using 9 x 9 x 4 k-meshes for structural and electronic
calculations, which provides a reliable resolution for
these types of calculations.

For optical calculations, a finer k-mesh of 17 x 17 x 6
was used to sample the BZ. This higher resolution
mesh was selected to ensure a more detailed analysis
of the optical properties, which can be sensitive
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to subtle changes in the material’s structure and
composition.

Results and discussion
Structural and mechanical properties

Transition metal dichalcogenides (TMDs), such as
MoS, and CrS,, exhibit various polymorphs including
hexagonal, tetragonal, and monoclinic structures [41].
Hexagonal structures, in which the transition metal
layer (Mo or Cr) is sandwiched between two sulfur (S)
layers through covalent bonds, have been identified
as semiconductors and are the most stable configura-
tions [42-44]. In line with these findings, we selected
the hexagonal structure of MoS, for our study due to
its semiconductor nature, stability, and nonmagnetic
properties. Figure 1a shows the top and side views of
the hexagonal MoS, TMD.

To synthesize Cr,Mo,_S, alloys with varying
Cr concentrations, a 2 x2 x 1 supercell of MoS, was
constructed. This supercell contains 8 Mo atoms,
and to create the alloys, Cr atoms were substituted
at different ratios x=m/8 (where m ranges from 1 to
8). The resulting structures, depicted in Fig. 1(b 1-7),
include seven alloys: Cr 1,5M0y 7555, Crg250MO0y 75050,
Cro.375M0g 62552, Crg.500M0g 50052, Cro625M0g 37557,
Crj 750MO0g 2505, and Cr g;5M0( 1255,. These alloys
predominantly exhibit a monoclinic structure with a
6-Pm space group, except for MoS, and CrS,, which
have hexagonal structures with P63/mmc space group.

Our investigation into the magnetic properties of
Cr,Mo,_,S, alloys, as detailed in the supplementary
file, reveals a significant finding. The total crystal
energy changes, both with and without spin-
polarization (SP) calculations, were analyzed as a
function of crystal volume. The results are graphically
represented in Fig. S1 in the supplementary file, and
suggest that the presence of SP does not significantly
lower the crystal energy. This implies that these
alloys are nonmagnetic, a conclusion that aligns
with previous studies. Consequently, we ignore the
SP in our calculations. For a more comprehensive
understanding of the methods and results, we refer
readers to the supplementary file accompanying this
manuscript.

Post-optimization, the lattice parameters of the
Cr,Mo,_,S, alloys were calculated using the GGA
approach and are presented in Table 1. The lattice
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Figure 1 a Top and side views of the MoS, structure, illustrat-
ing its layered configuration. b Side views of the Cr,Mo,_S,
alloys with a range of Cr concentrations. The images depict:
D) Crg12sMog 758, 2) Cryp50M0g 75052 3) Cr375M0g 6255, 4)
Cry500M0g 50082 5) Cro 25M0g 3755, 6) Crg 750M0g 250S, and 7)

parameters obtained for MoS, and CrS, align
well with those reported in previous studies. It
is noteworthy that this research represents the
first investigation of the structural features of the
Cr,Mo,_S, alloy in its bulk form, hence no prior
data on its lattice parameters or other structural
characteristics are available for comparison.

To evaluate the potential for experimental synthesis
of Cr,Mo,_,S, alloy, the cohesive energy was calculated.

Bond Length:
Cr-S—2.28 A
Mo-S—2.39 A

® Mo
@ Cr
& S

Cr g7sMoy 155, alloys. ¢ Top and side views of the CrS, struc-
ture. Mo atoms are represented by green spheres, Cr atoms by red
spheres, and S atoms by yellow spheres. The unit cells are deline-
ated with fine lines for clear demarcation.

Cohesive energy, defined as the energy required to dis-
assemble a compound into its constituent atoms [45, 46],
was determined using the equation:

E = (Etot =N Ecy = NyoEno — NSES)/Ntot 1)

Here, E,,, E,, Ey1, and Eg represent the total energy
of the alloy and the isolated energies of Cr, Mo, and
S atoms, respectively. N, Nc,, Ny, and Ng denote
the number of total, Cr, Mo, and S atoms in the unit

Table 1 Comparative

. . Structure Method a(A) c(A) Others report Cohesive
analysis of theoretical
. . energy (eV/
and experimental lattice
. atom)
parameters, crystalline
volume, and cohesive MosS, GGA 6.24 13.31 6.36%, 12.27* -7.25
energy for pristine MoS,, 6.32°, 12.29°
CrS,, and Cr, Mo, ,S; alloys Crg 1,5Mo0y 8755, GGA 6.22 13.37 -7.10
across various chromium Cry250M0g 75052 GGA 6.29 13.13 —7.06
concentrations Cry 375M0y 62555 GGA 6.27 13.21 —-6.95
Cry 500M0y 50052 GGA 6.26 13.25 —6.85
Cry 625MO0y 3755, GGA 6.19 13.34 —-6.74
Cr(750M0y 2505, GGA 6.15 13.41 —6.63
Cry 575MO0y 1255, GGA 6.13 13.09 —6.51
CrS, GGA 6.24 13.20 6.04°, 12.15° —-6.40

aRef. [80], PRef. [81], “Ref [82]
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cell of the alloy [47, 48]. The calculated cohesive ener-
gies are presented in Table 1. The negative values of
cohesive energies indicate the experimental synthe-
sizability of these alloys. Notably, an increase in Cr
concentration corresponds to a decrease in cohesive
energy, suggesting that alloys with lower Cr concen-
trations are more energetically stable than those with
higher concentrations.

Elastic properties are crucial in understanding
several aspects of crystalline structures, such
as structural stability, hardness, and ductility
or brittleness. Elastic constants and moduli are
particularly informative about a crystal’s behavior
under stress [49]. Generally, the elastic tensor C;; has
21 components, which are reduced by the presence
of symmetry [50]. In this study, the alloys exhibited
two structural phases: hexagonal (MoS,, CrS,, and
Cr.500MO0g 500S2) and monoclinic (other alloys). To
explore the correlation between Cr concentration and
mechanical response, we investigated their elastic
properties using the IR-elast + wien2k computing
package with the GGA approach. The results are
detailed in Table 2. The hexagonal space group alloys
have five independent elastic constants Cyy, C;5, Cy3,
Cs3 and Cyy, with others like Cgs = (Cy; — Cp2) /2 being
dependent [51]. The elastic constants obtained for
MoS, and CrS, closely align with previously reported
values [52-55]. However, to our knowledge, there
is no available data for direct comparison with the
elastic constants of these alloys.
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stability criteria [56]. These criteria are sets of ine-
qualities for the elastic constants, derived from the
requirement for positive elastic properties, and are
as follows:

Ci1>0,C35>0,Cyy >0 2)
(Cll - C12) >0 (3)
(Ci1+Cpp) > Cs3-2C1, >0 (4)

As per Table 2, the elastic constants for all Cr
concentrations are positive, confirming that all the
investigated alloys satisfy the Born criteria and are
mechanically stable at zero pressure.

To further elucidate the mechanical properties
of Cr,Mo,,S, alloys, the bulk modulus (B),
shear modulus (G), and Young’s modulus
(Y) were calculated using Voigt, Reuss, and
Hill approximations. The Voigt and Reuss
approximations differ in their consideration of
strain and stress: the Voigt approximation assumes
uniform strain ratios throughout the crystal, whereas
the Reuss approximation assumes uniform stress
ratios [57, 58]. For hexagonal structures, the bulk
and shear moduli with Voigt (B, and G,) and Reuss
(Bg and Gg) approximations are computed using the
following equations [52]:

_ 2(Cyq +Cpp) +4Cy3 - Ca

Furthermore, to assess the mechanical stability of v 2 ©)

Cr,Mo,_,S, alloys, we applied the Born mechanical
Table 2 Elastic constants (C;) in GPa for Cr,Mo,_,S, alloys: a comparative study with previous calculations

Cu Cy Gy Cu GCss Ces Cp Cis Cy Cis Cys Css Cus
MoS, 194.1 194.1 114 3.7 37 723 493 29 2.9

1912 191% 15% 7? 7? 728 46* -5 =5

211° 211° 37° 30° 30" 81°  49°  3° 3
Cry 12sM0og g75S,  199.3 194 203.1 4.8 74.0 4.7 34 49.1 4.4 —-0.02 0.04 -0.02 0.18
Cry,50M0g 7505,  197.6 18.2 207.4 42 729 42 4.6 482 42 —-0.04 0.05 -0.02 0.17
Cry375M0g 255, 181.4 4.6 1777 0.7 67 0.9 0.7 471 1.2 -1.2 0.05 -0.06 -0.14
Cry500M0g 5005,  176.5 54 179.9 1.3 63.6 1.1 1.3 458 1.2 -1.3 -0.05 -02 —0.11
Cry6sM0j 3755,  180.1 4.5 177 0.5 66.8 0.9 0.6 46.8 0.8 -13 -0.1 -04 -0.1
Cry750M0g 2505,  207.8 11.8 2112 3.09 784 3 2.9 487 29 0.2 -0.1 -0.01 -0.1
Cryg7sM0y 155S,  209.1 13.1 2055 42 79.8 3.5 1.6 495 2.1 -0.04 -005 -0.02 -0.01
CrS, 121.07  121.07 177 7.7 7.7 412 38,6 6.06 6.06

120° 120° 44°¢ 31¢

aRef. [52], PRef. [54], °Ref. [55]
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_ (Cll + C13)C33 - ZC%S
R™Ci1 + Cpp +2C5;5 + 4Cy5

(6)

G, = 30 )

(Cyq +Ci3)C3 — 2C3,
2<3BUC44C66 + ((Cn +Cp)Ca + 2Cf3> (Caa + C66)>
(8)

In monoclinic structures, the bulk and shear moduli
are calculated as follows [57]:

GR=

1 2
By = 5(Cr+ Cop + Ca3) + 5(Crp + Co + C3) ©)
1
G, ZE(CH +Cp + Cy3)
1
-1 (C12 + Cp3 + Cy3) (10)
1
+ g(c44 + Cs5 + Ceg)
1
B—R = (Sll +522+S33) +2(Sl2+523+513) (11)
1 4
Gr 15 (S11+ S22 + S33)
4
- E(Slz + 553+ S13) (12)

1
+ 5(544 + S55 + Se6)

Table 3 Calculated bulk moduli
By=(By+Bp)2,
G =(Gy+Gyp)/2,

(GPa) By, By, and
(GPa) Gy, Gg, and
(GPa) E,, Eg, and

shear moduli
young moduli

] Mater Sci (2024) 59:17079-17095

Here, Sij represent the elastic compliance constants.
The Hill approximation [59], which averages the val-
ues obtained from Voigt and Reuss approximations,
is defined as:

(B, + Bg) (13)

N =

BH:

Gy = =(G, + Gg) (14)

N~

Young’s modulus (E) and Poisson’s ratio (v) are
derived using the relations [57]:

9BG

E= 3B+ G (15)

L _3B-2G y
= 2BB+0) (16)

These moduli were calculated and are listed in
Table 3. Also, the bulk, shear, and Young’s modulus
are presented in Fig. 2 as a function of Cr concentra-
tion. The bulk modulus is indicative of the cohesive or
bonding energy of atoms in crystals and is often used
as a measure of atomic bonding strength [60].

As shown in Fig. 2, the Cr,Mo,_S, bulk modulus
fluctuates with increasing Cr concentration, directly
reflecting the variation in atomic bond strength within
the crystal structure. Notably, the average value of the
bulk modulus (Hill approximation) increases slightly
at different Cr concentrations (x =0.125, 0.25, 0.75,
and 0.875). This suggests a corresponding increase
in atomic bond strength at these concentrations. The
observed fluctuations indicate that the incorporation
of Cr atoms affects the bonding environment, leading

Ey=(Ey+ER)/2, Poisson’s ratio, vy, Vg, and v, = (vi+ vg)/2, the
universal elastic anisotropy index AY, pugh rule B/G, microhard-
ness H, and machinability index p, for Cr,Mo,_S,

By B By Gy Gy Gy Ey Ep Ey vg v vyg AV BIG H
MoS, 566 108 337 389 73 231 950 179 565 022 022 022 257 145 43 9.1
Cry1psMoggrsS, 594 193 393 41.1 98 254 100.1 251 626 021 028 023 175 154 45 8.1
CrypsoMog750S,  59.6 167 382 407 86 246 994 221 608 022 028 025 210 155 40 9.0
Cro3sMogsS,  51.34 45 279 347 1.7 182 849 46 448 022 032 027 1041 153 27 398
Crys00M0gs0S, 5098 53 281 341 26 183 836 68 452 022 028 025 680 153 30 21.6
CroesMog37sS, 509 44 277 345 1.5 180 845 40 443 022 034 028 1203 153 25 554
Cry150M0ga50S,  60.0 112 356 41.9 62 241 102.1 157 589 021 026 024 330 147 41 115
Cryg;sMog 12sS, 593 121 357 425 87 256 1029 210 619 021 021 021 229 139 49 85
CrS, 40.1 161 28.1 253 127 190 627 302 464 024 0.18 021 6.4 147 37 36

@ Springer
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Figure 2 Variation of bulk moduli (B), shear moduli (G), and
Young’s moduli (E) in CrMo,_S, alloys as a function of Cr
concentration. Purple dashed lines (Reuss approximation), red
dashed lines (Hill approximation), and blue dashed lines (Voigt
approximation) are included to aid visual interpretation.

to variations in the mechanical properties of the alloys.
These changes are indicative of the complex interplay
between Cr concentration and the structural stability
of Cr,Mo,_S,.

The shear modulus is a crucial parameter in
assessing the elastic properties of materials, as it
reflects their resistance to shear deformation and
influences the motion of dislocations in a solid [61, 62].
A higher shear modulus indicates greater resistance to
such deformation. In this study, as shown in Fig. 2, the
behavior of the shear modulus using Voigt, Reuss, and
Hill approximations with respect to Cr concentration
(x) changes similarly to the behavior of the bulk
modulus.

Additionally, Young’s modulus, which measures
the degree of stiffness in a crystal [63], also follows a
similar trend using the Voigt, Reuss, and Hill approxi-
mations. This consistency suggests that by varying the
concentration of Cr in MoS,, we can tailor the mate-
rial’s resistance to shear deformation and its overall
stiffness. Such tunability can potentially optimize
the material for specific mechanical applications,

17085

enhancing its performance in fields that require spe-
cific elastic properties.

Poisson’s ratio, which describes the ratio of
transverse contraction to longitudinal strain when a
material is stretched or compressed, typically ranges
between -1 and 0.5 [64]. This ratio characterizes
materials as non-auxetic (positive ratio) or auxetic
(negative ratio) [65, 66]. In our study, the Poisson’s
ratio for all alloys falls between 0.2 and 0.3, classifying
them as non-auxetic materials (Table 3).

The universal elastic anisotropy index AY, which
quantifies the directional dependence of elastic moduli
in crystals, is calculated as AY = 52—; + g—z —-6[59]. An
anisotropy index of 1 indicates isotropic properties,
while values different from 1 signify anisotropic
behavior [67]. For all Cr concentrations in our study,
AY exceeds 1, indicating elastic anisotropy in all
compounds. Notably, Crj;,5M046,55, and
Crj ¢5Mo0y 3755, alloys exhibit the highest elastic
anisotropy, implying a greater tendency for
microcracking due to their elastic properties.

Furthermore, we calculated the microhardness
(1-20)E
6(1+v) 7
compression [68], the machinability index u =

parameter H = indicating resistance to

B
C_44’
assessing ease of cutting [52], and the Pugh’s ratio g,
which determines material brittleness or ductility [69].
A Pugh’s ratio greater than 1.75 suggests ductility,
while a lower value indicates brittleness [70]. Our
findings reveal that all studied alloys are brittle.
However, the Crj3,5M0( 455, and Crg ¢5M0g 3755,
alloys, with high elastic anisotropy and machinability
index along with low microhardness, emerge as
particularly suitable for mechanical applications,
offering enhanced machinability compared to the
other alloys.

Electronic properties

To assess the electronic properties of Cr,Mo,_S, alloys,
their band structures were calculated using the GGA
approach, incorporating spin—orbit interaction. It is
important to note that the GGA approach in DFT cal-
culations often underestimates the energy bandgaps
due to self-interaction errors. Therefore, the modi-
fied Becke-Johnson potential (mB]J-GGA) approach
and hybrid functionals, known for providing more
accurate energy bandgaps, were also employed [71,
72]. As indicated in Fig. 3, the minimum energy band-
gaps (highlighted by the orange line) reveal that these

@ Springer
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Figure 3 Band structure of a MoS, b Crj,sMog575S,
¢ Cryp50Mog750S, d Cry375M0g6r5S; € Crs00M0og500S, £
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Figure 4 Variation of minimum bandgaps (E,) in Cr,Mo,_S,
alloys as a function of chromium concentration (x), with the
trend line represented by a dashed line indicating a fitted fourth-
order polynomial function.

alloys are semiconductors with indirect energy band-
gaps occurring between the I' — A symmetry points.
The energy bandgap varies from 1.54 eV in MoS, to
0.54 eV in Cr(g,;5M0y 1255,- Figure 4 presents these
changes as a function of Cr concentration.

@ Springer

i CrS,. Vertical lines indicate high-symmetry points in the first
Brillouin zone. Orange lines show minimum energy bandgap and
the horizontal lines at zero energy show the Fermi energy level.

A notable trend is observed: with an increase
in Cr concentration, the energy bandgap initially
decreases up to Crj,50Mo0q 7505, then increases at
Cr( 375MO0q 4255, and Cr 500M0g 5005, before decreas-
ing again continuously up to Crjg;5M0y 1255,. This
fluctuation can be attributed to two primary fac-
tors: crystalline volume/atomic size and Cr con-
centration. Experimentally, it has been shown that
an increase in crystalline volume and a decrease in
atomic size generally lead to an increase in energy
bandgap due to elongated bond lengths and com-
pressed atomic bands [73]. This observation is con-
sistent with the data in Table 1, where Cr 3,5M0y ¢255,
and Cr 509)Mo0 5005, show a decrease in atomic size,
contributing to an increased energy bandgap.
Additionally, the bandgap narrowing effect, often
observed at high atom concentrations, is attributed
to the overlapping Cr concentration bands formed
by overlapped Cr states [74]. This effect is believed
to be responsible for the continuous decrease in the
energy bandgap at higher Cr concentrations from
Crg.625M0q 3755, to Crg75sM0g 1255, (Fig. 3 (f-h)). In
the CrS, compound, an increase in both crystalline
volume and Cr concentration leads to an increase in
the bandgap (Fig. 3 (i)).
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The comparison of energy bandgaps calculated
with both GGA and mBJ-GGA approaches, as well as
previously reported data, is summarized in Table 4.
Cry g75M0y 1255, exhibits the lowest energy bandgap.
The mBJ-GGA approach predictions are in good
agreement with theoretical and experimental data
from prior studies.

To elucidate the distribution of electrons near the
Fermi energy, the DOS was analyzed. Figure 5 dis-
plays the DOS for Cr-doped MoS, structures at vari-
ous concentrations. It is observed that for both CrS,
and MoS, compounds, the valence band maximum
(VBM) and conduction band minimum (CBM) are
predominantly influenced by Cr_d,» and Mo_ d,. orbit-
als, respectively. At all Cr concentrations (x=0.125 to
0.875), Cr_d,» orbitals play a major role in shaping the
VBM and CBM. Additionally, MoS,, CrS,, and their
alloys retain their semiconducting nature in the 2H
phase. According to ligand field theory, this semi-
conducting behavior is attributed to the filled 4, and
empty d,, and d,>_,» orbitals [20]. Notably, the incorpo-
ration of Cr significantly reduces the energy bandgap,
with a reduction from 1.54 to 0.92 eV even at a low Cr
concentration (x =0.125). This indicates that Cr doping
has a profound impact on the energy bandgap and
electronic properties of MoS,. Furthermore, the pres-
ence of Cr atoms brings the Fermi energy level closer
to the VBM, owing to the isoelectronic nature of Mo
and Cr atoms, as well as the reduced atomic size and
band count.

Optical properties

The optical properties of Cr,Mo,_S, alloys can be
analyzed through the dielectric function £(w), which
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characterizes the response of a crystal to electromag-
netic waves. The dielectric function is expressed as a
complex number:

e(w) = g1(w) +igy(w) 17)

Here, €;(w) and &,(w) represent the real and
imaginary parts of the dielectric function, respectively.
The real and imaginary parts are interconnected by the
Kramers—Kronig relation [75]:

ooe o o' do’
ea@ =1+2p / 2(0f)a/dof (18)

@2 — @?
0
The dielectric function &(w) is influenced by
transitions between discrete bands (interband
transitions) and transitions within individual bands
crossing the Fermi level (intraband transitions).
Interband transitions are divided into direct and
indirect transitions. Indirect transitions, often resulting
from electron—phonon interactions, have a minor
contribution to ¢(w) and are usually disregarded [76].
The significant part, the direct interband transitions,
is obtained by calculating the imaginary part of
the dielectric function &,(w) and summing over all
transitions from occupied valence states to unoccupied
conduction band states:
Ve?

Py J @k Y {Iknlplkn’|f (en)

X(1=f(kn"))8(Ey, — Egy — ho) }

Here, hw is the incident photon energy, p is the
momentum operator, lkn) denotes the eigenfunction
with eigenvalue E,;, and f(kn) is the Fermi-Dirac dis-
tribution function [77].

Einter(®) = (19)

Table 4 Energy bandgaps

. Bandgap energy GGA with GGA without mBJ_GGA With Previous results Ref
of pristine MOSZ’ CrS2., and SO (V) SO (V) SO (eV)
MoS, alloys with varying Cr
concentrations: comparison MoS, 1.33 1.33 1.54 1.42 [82]
of values obtained using Exp. 1.23 [83]
GGA with SO, GGA without Cry 125M0g 5755, 0.82 0.83 0.92
SO, and mBJ_GGA with Cry250M0g 75052 0.67 0.64 0.75
SO, alongside experimental Cr.37sM0y 62555 0.75 0.73 0.83
results CrysoMopswS,  0.76 0.76 0.85
Cry 625MO0y 3755, 0.65 0.65 0.73
Cr(750M0y 2505, 0.53 0.53 0.58
Cry g75M0y 1255, 0.46 0.46 0.54
CrS, 0.63 0.63 0.68 0.58, 0.60 [82]

@ Springer
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Figure 5 Density of states
(DOS) for pristine MoS,,
CrS,, and MoS, alloys at
varying Cr concentrations,
illustrated with red lines

and light blue shadows. The
blue and gray lines repre-
sent the total (total-Mo) and
d-orbitals (Mo-d) DOS of
Mo atoms, respectively. The
orange lines, green dashed
lines, and purple lines depict
the total (total-Cr), d-orbitals
(Cr-d), and 7> component

of d-orbitals (Cr-d_») in Cr
atoms, respectively. Dashed
vertical lines mark the Fermi
level.
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Other optical coefficients, such as absorption (a(®)),
reflectivity (R(w)), and refractive index (n(w)), are
derived from the real and imaginary parts of the die-
lectric function [75]:

V20

C((Cl)) = T

1

/
<\ /e%(w) + ei(a)) - el(a))>

e1(w) +ie5(w) — 1 ?

Ve (w) +igy(w) + 1

(20)

R(w) =

(21)

1

/2
1 /e%(a)) + eé(a)) + g1(w)

(22)
2

n(w) =
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the dielectric function, along with the optical
coefficients, were calculated and analyzed for various
Cr concentrations (x). The hexagonal structure of
Cr,Mo,_S, imparts two independent components to
the dielectric constant, ex(®) and €, (®). This structural
aspect leads to distinct optical properties in the X and
Z directions of the crystal.

Figure 6 illustrates the real and imaginary parts of
the dielectric function for different Cr concentrations
(x=0, 0.125, 0.250, 0.375, 0.500, 0.675, 0.75, 0.875, and
1) in the X and Z directions of Cr,Mo;_S,. With
increasing Cr concentration, the peaks of &1x(®),
e17(w), £5x(w) and &,7(w) shift toward lower energy
values. Notably, a sharp increase at low energies in
€yx(w) is observed, attributed to the significant effect
of the Drude term, especially at about 0.5 and 2 eV for
X and Z directions, respectively. This variation is due
to differences in plasma frequency, given by

For the analysis of the optical characteristics a); = 4ﬂ62ne/me,

of Cr,Mo,_,S,, the real and imaginary parts of

Figure 6 Real 30 — 30 —

(e, (w)ande, ()) and imag- §; 2 .o \3; 88 r

. ks 2 — PR
inary (e, (@)ande, () < . S8 | ;
parts of the dielectric func- 20 s [ o= 20 S76 1 % > d

; 2] —_ ’
tion for Cr,Mo, S, alloys @ 10 . ; 6 PR A s
across varying Cr concentra- X 0 0.5 1 N 0 0.5 1
tions (x). Insets with gray wlo Cr Concenteration @ 10 Cr Concenteration

backgrounds depict the static
real part of the dielectric
function as a function of Cr

0
concentration. Red dashed
lines are included to aid
visual interpretation. 10
0

Energy (eV)
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Energy (eV)
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For enhanced interpretability of the results, we
applied fitting methods, focusing on the R? parameter
as a measure of model accuracy [78, 79]. The static
real part of the dielectric function at zero energy is
illustrated in the £y (w) and ;1 7(w) plots of Fig. 6, high-
lighted with a gray background and fitted with linear
and sixth-degree polynomial functions, respectively
(red dashed lines). The static €;x(®) shows a linear
trend with the fitted function £x(0)=8.0769x + 13.206
and R? value of 0.959. In contrast, &;,(w) displays a
step-like behavior, indicating a more complex behav-
ior in the static €17 (w) compared to the &y (w).

Figure 7 presents the refractive index of Cr,Mo,_S,
in both X and Z directions. The refractive index is
crucial due to its direct relationship with microscopic
interactions. With increasing Cr concentration, a red-
shift in the refractive index peak is observed in both
directions. In the X direction, the maximum refractive

] Mater Sci (2024) 59:17079-17095

peaks occur between 0.5 to 3.5 eV, spanning from
infrared (IR) to ultraviolet (UV) spectrum ranges.
Notably, two peaks in the blue light energy range are
seen for ny(w) at x =0.250 and 0.500 concentrations. In
the Z direction, the refractive peaks appear in the UV
range for all alloys. The static refractive index in both
X and Z directions is also highlighted in Fig. 7 and fit-
ted with polynomial functions (red dashed lines). The
statistical ny(w) shows a linear behavior with the fit-
ted function nx(0) = 0.9723x + 3.6544 and R? of 0.966,
while the statistical 1n;(w) exhibits a more complex
step-like behavior.

Figure 8 displays the reflectivity index, R(w), for
Cr,Mo,_,S, alloys in both X and Z directions. Notably,
within the visible light spectrum, Ry(w) exceeds R (w).
Peaks in Ry(w) are observed in the 3 to 3.5 eV range for
x =0, 0.125, 0.250, 0.375, and in the 5.5 to 6.5 eV range
for x=0.500, 0.675, 0.75, 0.875, and 1. Conversely,

Figure 7 Refractive index 6 e 6
3 b= 3 88
profiles of Cr,Mo,_,S, alloys S - 3 o
. & ST -
in X (y()) and Z (n,()) 5 Sarp e 5 = 2 '
. . o 2 . 2 76 el
directions across different Cr s L 5] Lo
. Q35 ; &7 : ;
concentrations (X). Insets on 4 0 0.5 1 4 0 0.5 1
gray backgrounds depict the @ Cr concenteration @ Cr concenteration
static refractive index as a g><3 = 3 —x=0
function of Cr concentration. : iiggg
Red dashed lines are included ) 5 n %=0375
to aid visual interpretation. A — x=0.500
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1 1 —x=0.875
—x=1
0 0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
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- 0.8 ~ 045 0.8 s GO
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Ry (w) peaks in the 4.5 to 7.5 eV energy range, shift-
ing toward lower energies with increasing x. Beyond
7.5 eV, a marked decline in the reflection spectrum is
seen in both directions, attributed to collective plas-
mon resonance excitations.

The static reflectivity index of Cr,Mo,_S, alloys
in the X and Z directions is also illustrated in Fig. 8,
highlighted with a gray background and fitted using
polynomial functions (red dashed lines). The static
Ry (w) demonstrates a linear trend with the fitted
function Ry (0)=0.0899x +0.3271 and R? of 0.970. In
contrast, the static R,(0) exhibits a more complex step-
like behavior.

The electron energy loss function L(w)) for
Cr,Mo_S, is calculated and shown in Fig. 9. The peaks
in L(w), representing the plasmon frequency, occur at
energies where the real part of the dielectric function,
€1(w), approaches zero. The plasmon frequency and its
magnitude are related to the collective oscillation and
the density of valence electrons, respectively. Consid-
ering that the CrxMo1-xS2 energy loss spectrum does
not show significant values at energies smaller than
21.5 €V, it can be concluded that the energy of inci-
dent photons causes excitation and electron transitions
between energy levels.

In the high-energy range of 21.5-23 eV, there is a
single sharp peak for each Cr concentration in both
the X and Z directions. For x=0, 0.125, 0.25, 0.375, 0.50,
0.625, 0.75, 0.875, and 1, the peaks occur at 22.98, 22.70,
22.54,22.43, 22.35, 22.13, 22.02, 21.89, and 21.83 eV in
the X direction, and 22.68, 22.65, 22.46, 22.40, 22.29,
22.24, 22.16, 22.05, and 22.04 eV in the Z direction,
respectively. The value of L(w) in the Z direction is
generally higher than the corresponding value in the
X direction.
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As highlighted with a gray background in Fig. 9
and fitted using polynomial functions, the Ly(w) peak
is described by —1.116x +22.877-1.116x +22.877 - 1.1
16x +22.877 with an R? of 0.979, and the L (w) peak
is described by - 0.6827x +22.671-0.6827x +22.671 -0
.6827x +22.671 with an R? of 0.975 (red dashed lines).
With increasing Cr concentration, these peaks decrease
and shift toward lower energies. This behavior can be
explained by the differences in the density of valence
electrons, which cause variations in L(w) peaks in dif-
ferent directions and concentrations. Furthermore,
at frequencies higher than the plasmon frequency,
Cr,Mo,_,S, alloys can suddenly transmit light, lead-
ing to a decrease in reflectivity (Fig. S2).

The absorption spectrum, encompassing both inter-
band and intraband transitions, is illustrated in Fig. 10
for Cr,Mo,_,S, alloys along X and Z directions. The
interband absorption arises from electron-photon
interactions, prompting electronic transitions between
occupied valence states and unoccupied conduction
states near the Fermi energy. Multiple interband and
intraband absorption peaks in ay(w) and az(w) are
observed within the 0 to 14 eV energy range. Particu-
larly, from 5 to 8 eV, a distinct peak is noticeable in
both ay(w) and ay(w). In the visible light spectrum,
ay (w) exhibits peaks corresponding to yellow and blue
light energies, specifically for X=0.500, 0.675, 0.75,
0.875, 1, and X=0, 0.125, 0.250, 0.375, respectively.

Conclusion
This study extensively investigated the structural,

mechanical, electronic, and optical properties of MoS,
alloyed with chromium (Cr) atoms. Structurally, the

Figure 9 The electron 16 - 16 "
5 =

energy loss function for 14l % e 141 % x=0.125

o 5] —
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illustrate the electron energy 6
loss function as a function of 4
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Figure 10 Absorption coef- 360
ficients for CrxMo,_,S, alloys

120

across varying Cr concentra-
tions (x), shown in X direc-
tion (ay(w)) and Z direction

(az(@)).

Energy (eV)

Cr,Mo,_,S, alloys with both hexagonal (MoS,, CrS,,
and Cr 509)Mo0 5005,) and monoclinic phases were
found to be thermodynamically stable across all Cr
concentrations. Mechanically, all compounds were
confirmed to be stable as per Born’s inequalities.
Notably, lower Cr concentrations (specifically
Cry 1255Mo0y g755,) enhanced atomic bond strength and
elastic stiffness. Despite all alloys being anisotropic
and brittle, Crj3,5M0( 4,55, and Crj ¢,5M0( 3755,
demonstrated high elastic anisotropy and
machinability, along with low microhardness, making
them more machinable compared to others.

Electronically, band structure and density of states
(DOS) analyses using GGA and mBJ-GGA approaches
revealed a decrease in bandgap with increasing Cr
concentration, fluctuating from 1.54 eV in pure MoS,
to 0.54 eV in Crjg¢,sM0(155,. The addition of Cr
atoms significantly influenced the bandgap and DOS
near the Fermi energy, with even a single Cr atom
reducing the bandgap from 1.54 eV in MoS, to 0.92 eV
in Cry 1,5Mo0y 755,. Unlike MoS,, where Mo_ d,» orbitals
dominate near the Fermi energy, Cr_ d,» orbitals play
a significant role in the VBM and CBM of Cr,Mo,_,S,
alloys.

Optically, due to the hexagonal and monoclinic
structures, the dielectric function of these alloys
exhibited two independent components, ey(w)
and ez(w). Our findings showed that increasing Cr
concentration led to a shift of maximum e(w), a(w),
n(w) and Ryz(w) to lower energies. In the visible light
spectrum, several peaks were observed in refractive
(nx(w)) and absorption (ay(®)) spectra, with specific
peaks correlating to certain Cr concentrations.
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These findings on the bandgap and optical
properties suggest that Cr Mo, S, alloys are
promising candidates for electronic and optical
applications involving bandgap engineering. The
unique combination of electronic, optical, and
mechanical properties of these alloys holds potential
for practical applications, contributing valuable
insights to the field of material science.
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