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The search for novel intrinsic two-dimensional (2D) magnetic materials is crucial to understand the
fundamentals of 2D magnetism and realize next-generation magneto-electric and magneto-optical
systems. Using the rigorous framework of spin-polarized density functional theory (SPDFT)-based ab
initio calculations, this investigation systematically investigates the effects of a stepwise change in the Fe
composition (x) on the structural, electro-magnetic and optical properties of the ordered SrS based
single-layer alloys, with x encompassing values from O to 1. Our comprehensive analysis revealed that
the calculated formation energies, cohesive energies, phonon dispersions, molecular dynamics, and
elastic constants of both bare SrS and FeS monolayers indicate their thermodynamic, dynamic, thermal,
and mechanical stability in hexagonal and square structures, respectively. Significantly, the introduction
of magnetic Fe dopants into the non-magnetic SrS semiconductor enabled the creation of an intrinsic
magnetic (FM) state characterized by spin-polarized charge carriers at the Fermi level (Ef). As doping
increases, the electronic structure shows a noticeable dependence on the chemical composition. It is
noteworthy that the systems doped with 0.750 and 1 Fe exhibit metallic-magnetic and metallic non-
magnetic properties, respectively, and the rest are half-semiconductors (HSC) according to the GGA
approximation. Conversely, the HSE approach shows a transition to HSC for a doping level of 0.750,
while others maintain the same behavior. The study of the optical properties shows improvements

compared to the bare SrS monolayer through the incorporation of Fe dopants. The bare SrS has light
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Accepted 14th June 2024 absorption in the ultraviolet region, while the absorption band edges for HSC compounds change from

the infrared to visible regions. This study proposes a practical method to tune the properties of the SrS
DOI: 10.1039/d4ra04352a single-layer by selectively adjusting the dopant concentration. Such control is promising for applications

rsc.li/rsc-advances in spintronics and optical based nanodevices.

transition metal oxides and MXenes.** This increased curiosity
is driven by the anticipation of discovering new physical prop-

1 Introduction

Although generally viewed as an emerging research area, the
field of elementary two-dimensional (2D) materials is currently
experiencing remarkable growth. The resurgence has its roots
in the advance of nanotechnology and molecular
manufacturing, with a historical connection to Richard Feyn-
man's influential 1960 research topic “There is plenty of room at
the bottom”." Feynman's groundbreaking research lays the
foundation for the systematic study of elementary monolayers
and the broader category of 2D materials. After the break-
through in 2004 that led to the isolation and exploration of the
fascinating electronic and thermal properties of monolayer
graphene,” there has been interest in studying other two-
dimensional (2D) layered materials such as chalcogenides,
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erties, including but not limited to valleytronics,” non-trivial
topology,® high-temperature ballistic transport,” and various
optoelectronic functions.® The intrinsic 2D structure of these
materials has recently been elucidated in several comprehen-
sive reviews,*®? encouraging renewed and expanded interest in
this diverse and dynamic research area. As a result, there is
a concerted effort to identify atomically ultrathin materials with
potential applications in various next-generation technologies,
such as spintronics, engineered nanoelectronics, optoelec-
tronics, nanosensing, and beyond. The growing interest in this
search is illustrated by the growing list of elements that are
consciously designed and are expected to exist in two-
dimensional (2D) form. A successful synthesis has been ach-
ieved for fundamental 2D counterparts beyond graphene,
including silicene, germanene, and phosphorene.'® Currently,
a total of fifteen major elementary groups have been either
theoretically predicted or experimentally generated in 2D form,
marking the continually expanding landscape of this
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transformative field. In the post-graphene era, the importance
of single-layer strontium sulfide (SrS) has increased signifi-
cantly, positioning itself as a notable II-VI semiconductor. In
particular, theoretical calculations suggest that SrS monolayers
could be dynamically stable, unlike other 2D II-VI semi-
conductors.” Furthermore, it is shown that its large bandgap,
close to visible light, and a remarkably flat band in the upper
valence band make it particularly attractive for applications in
lasers, light-emitting diodes, and for increasing luminescence
intensity through robust spin polarization hole doping.'* The
flatness of the valence band could lead to superior charge
carrier mobility compared to other II-VI materials, which is
crucial for efficient electronic devices. Furthermore, the SrS
monolayer was found to exhibit magnetism when doped with
holes,* a property that cannot be easily predicted for other
common II-VI semiconductors. Since SrS monolayers are rela-
tively easy to model theoretically, they could serve as a good
benchmark for integration with other 2D materials to create van
der Waals heterostructures that lead to more exciting func-
tionalities. Similar to the experimental preparation methods for
silicene, germanene and h-BN, SrS monolayers on substrates
can be synthesized by various techniques."**> The existence of
2D SrS has been conclusively demonstrated through a combi-
nation of theoretical calculations and experimental
validation.”™™® As computing technology advances, the need to
extend and customize the physicochemical properties of two-
dimensional (2D) materials becomes increasingly apparent.
Various strategies such as doping, voltage and electric field
application, heterostructure formation, chemical functionality,
surface adsorption and planar buckling tuning have been used
to modulate these properties.”® In particular, doping proves to
be a particularly simple and controllable approach to changing
the bandgap size, shifting the position of the Fermi level and
influencing the type of charge carriers and thus regulating
electronic, optical and magnetic properties.”** Modern semi-
conductor technology is based on theoretical research and
technical advances in semiconductor doping. In the field of 2D
materials, they are extremely sensitive to external factors due to
their unique structure, where almost all atoms are exposed on
the surface. Consequently, the band structures of 2D materials
can be precisely controlled by substitute doping.***® The exist-
ing literature shows a notable lack of comprehensive theoretical
studies on the effects of substitutional doping in monolayer SrS.
A recent study by Yari et al.”” investigated the influence of Cr
doping on the electronic, magneto-optical and thermoelectric
properties of graphene-like SrS. The study predicted a transition
from semiconductor behavior of bare SrS to half-metallic with
100% spin-polarization at a doping concentration of 12.5%.
Remarkably, the light reflected from the surface of the Cr-doped
monolayer SrS showed counterclockwise polarization at high
energies and in the UV region. Another interesting study**
investigated hole doping at anionic and cationic sites of bare
SrS and revealed the induction of spin-polarization. The
systems showed a phase transition between a non-magnetic
semiconductor, a half-metal, a magnetic semiconductor, and
a non-magnetic metal when the hole density varied. Remark-
ably, a local magnetic moment was observed around the
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substitution sites, which was stabilized by ferromagnetic
ordering at significant Curie temperatures. Both studies re-
ported maximum magnetic moments greater than 1 ug and
bandgaps no less than 2 eV. Although these studies provide
insights into the optical properties and magnetism induced by
doping in monolayer SrS,***” a notable gap exists in the litera-
ture regarding systematic theoretical studies on transition
metal doping in monolayer SrS - a crucial aspect for the
potential applications. This article addresses the study of
structural, electro-magnetic, and optical properties in SrS-to-
FeS monolayers, where we systematically vary the strontium
ratio concentration using robust first-principles calculations. It
is noteworthy that previous studies on Sr;_,Fe,S alloys mainly
focused on the bulk phase,*® with conspicuously no reports on
the monolayer forms of Sr;_,Fe,S alloys. Our results show
significant changes in the electronic band structures upon the
introduction of Fe atoms. In particular, the bandgaps exhibit
non-monotonic changes with increasing concentration. Inter-
estingly, the material undergoes a transformation from a semi-
conductor to half-semiconductor to metallic state as the dopant
concentration varies. Furthermore, we observe a significant
modulation of the optical properties by substitutional doping.
Fine-tuning the electro-magnetic and optical properties in the
doped single-layer SrS structure through doping engineering is
of utmost importance for understanding the potential applica-
tions of this class of two-dimensional materials in nano-based
spintronics and optoelectronics.

2 Computational details

The computational simulations were performed using the
Vienna Ab initio Simulation Package (VASP) program,***° within
the framework of Spin-Polarized Density Functional Theory
(SPDFT) and employing the Projector Augmented Wave (PAW)
potential.***> The electron exchange-correlation functional was
described using the Perdew-Burke-Ernzerhof (PBE) form of the
generalized gradient approximation (GGA).** To address
potential underestimations inherent in the GGA framework,
calculations were cross-checked using a non-local Heyd-Scu-
seria-Ernzerhof hybrid functional (HSE06),** where the elec-
tron-electron interaction was modeled with an enhanced
proportion of Hartree-Fock exchange, characterized by
a parameter « = 0.25 and a default screening parameter of 0.2
A™'. The investigation focused on the substitution of the
strontium (Sr) atom with an iron (Fe) atom within the SrS host
matrix. This substitution was carried out at various ratios (x),
denoted as Sr,_,Fe,S; x = 0, 0.125, 0.166, 0.25, 0.333, 0.375,
0.50, 0.75, and 1. Using a supercell approach, all feasible
configurations of the Fe atoms within the SrS monolayer were
explored, with redundant configurations omitted from consid-
eration. To prevent interlayer interactions between successive
unit cells, a vacuum distance of 20 A was assumed. The Bril-
louin zone (BZ) was sampled using a gamma scheme with a (12
x 12 x 1) k-point mesh automatically generated within the unit
cells and scaled to (6 x 3 x 1) for x = 0.125 and 0.375, (6 x 4 X
1) for x = 0.166 and 0.333, and to (6 x 6 x 1) for x = 0.250,
0.500, and 0.750 within the supercells simulation. The ground
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state was optimized with an energy convergence criterion of
107> eV between two consecutive iteration steps and
a maximum Hellmann-Feynman force on each atom of less
than 10 ° eVA ™' during ionization relaxation. The plane wave
kinetic energy limit was set at 500 eV and the maximum pres-
sure on the cells was reduced to less than 0.1 kbar. Using Bader
analysis, the charge distribution on the atoms was determined
for different concentrations.*® The dynamic stabilities of bare
SrS and FeS monolayers were evaluated by studying phonon
band dispersion using the PHONOPY code.*® For this analysis,
(7 x 7 x 1) and (6 x 6 x 1) supercells were used for each SrS
and FeS monolayers, respectively, with a (3 x 3 x 1) k-point
network. Additionally, ab initio molecular dynamics simula-
tions (AIMD) were performed to investigate the thermal stabil-
ities of the monolayers. Supercells of (6 x 6 x 1) and (5 x 5 x 1)
were employed for SrS and FeS, respectively, at a temperature of
300 K with total simulation time of 3 ps in 1 fs time steps, which
is controlled by a Nosé-Hoover thermostat.’” For the optical
properties, a doubling of the Gamma grid for the k-point mesh
was implemented, and the Lorentz broadening was set with
gamma equal to 0.1 eV.

3 Results and discussion
3.1 Atomic structure and energetic stability

The aim of this section is to study the geometric properties of
Sr,_,Fe,S monolayers, with emphasis on the analysis of their
crystalline structures. To provide a comparison, we will first
present the optimized structures of the pristine SrS and FeS
monolayers using the PBE functional. Bulk SrS is known to be
characterized as an ionic compound with a cubic crystal struc-
ture that possesses a space group of Fm3m (No. 225) and
belongs to Ogn point group symmetry. Unlike well-known
materials such as tungsten disulfide (WS,) or molybdenum
disulfide (MoS,), which have a layered structure with weak van
der Waals bonds between the slabs, SrS does not naturally form
different layers. Instead, it consists of a three-dimensional
arrangement of strontium cations (Sr>*) and sulfide anions
(8*>7), held together by strong ionic bonds.?® Although the
process of obtaining monolayers from SrS may be more
complicated compared to exfoliating layered materials such as
WS, and MoS,, it is noteworthy that SrS has the potential to
form monolayers. The SrS monolayer is characterized by
a pronounced planar hexagonal honeycomb lattice configura-
tion, which leads to a reduction in symmetry to P6m2 (No. 187,
belongs to the point group Ds;) due to the loss of inversion
symmetry. The ion positions and cell volume are then
completely relaxed to ensure the stability of the resulting
structure. The unit cell of the SrS monolayer consists of one Sr
atom and one S atom. On the other hand, the FeS monolayer is
known for its stabilized nonmagnetic square crystal structure
with a space group of P4/mmm (No. 129). The FeS unit cell
consists of a total of four atoms, including two Fe atoms and
two S atoms. It is noteworthy that the FeS monolayer with
a square lattice has a massive, naturally analogous, layered FeS
mackinawite crystal,®® in which the layers of FeS lie within
a weak van der Waals interaction along the z-direction.*
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Fig. 1(a) shows a visual representation of both the top and side
views of the h-SrS and s-FeS structures. The optimized lattice
constants a (=b) (A) and the bond lengths (A) between cations
(Sr and Fe) and anion (S) host elements (ds,_s/dre_s) are listed in
Table 1. The optimized lattice constant for the h-SrS system is
4.837 A, with a dg,_g bond length of 2.793 A. In contrast, the
optimized lattice constant and bond length for the s-FeS system
are 3.557 A and dg._s = 2.150 A, respectively. These values are
significantly underestimated compared to those of the pure
monolayer h-SrS, which is mainly due to the smaller ionic radii
of the Fe atom (0.55 A) compared to that of the Sr atom (1.26 A).
These results are consistent with previous theoretical
Studies‘13,14,40,41

The transition from the 3D bulk to the 2D monolayer is ex-
pected to result in noticeable structural relaxation since there
are no van der Waals interactions between the layers in the
monolayer configuration. Upon complete relaxation, the h-SrS
monolayer adopts a planar structure, with the in-plane lattice
parameter about 20.7% smaller than that of the bulk phases
(6.059 A).>® This discrepancy can be attributed to the change in
the structural arrangement and packing of the atoms. To probe
systematically the relative stability of the pure monolayers h-SrS
and s-FeS, we calculated the formation (E¢) and cohesive (E.op)
energies. The formation energy (Ef) is determined via the
following formula:

Ep = (E1 — npEs, — mpEg)l(n + m) 1)

where Et represents the total energy of the monolayer, pEs,/re
and pEs denote the chemical potentials of Sr/Fe and S atoms,
respectively, calculated as the total energy per atom in their bulk
forms. The bulk systems exhibit the following structures: Fe
adopts a tungsten structure and crystallizes in the cubic Im3m
space group; Sr adopts a magnesium structure and crystallizes
in the hexagonal P6;/mmc space group; and S adopts an alpha
structure and crystallizes in the orthorhombic Fddd space
group. The number of specific atoms in the unit cell is repre-
sented as n and m letters.
The cohesive energy (E.on) is estimated by:

Ecoh = (ET - nESr - MES)/(n + m) (2)

where Eg e, Es are the total energies of isolated Sr, Fe, and S
atoms in large cubic cells (the selected lattice constants for the
cubic cell is @ = b = ¢ = 20 A), and Ey is the total energy of the
monolayer.

A more stable monolayer is indicated by a more negative
formation energy. Table 1 shows the calculated formation
energies of bare h-SrS and s-FeS, in which both are negative.
This means that these compounds are exothermic and do not
decompose easily once formed. In addition, the formation
energy of h-SrS (—1.402 eV) was found to be lower than that of s-
FeS (—0.427 eV), suggesting that the h-SrS environment is
relatively more favorable for doping than s-FeS. Therefore, for
efficient and effective doping, creating a Fe-based SrS environ-
ment is preferable and simpler and more stable than Sr-based
FeS. A positive cohesive energy value indicates that the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(a) Top and side views of the repeated unit-cells of the bare h-SrS and s-FeS monolayers, (b) phonon dispersion spectra, (c) temporal

variation of total energy during the AIMD simulation time step of 3000 fs.

monolayers are energetically stable. The calculated E.,p, values
for h-SrS (3.951 eV per atom) and s-FeS (4.748 eV per atom), as
shown in Table 1, suggest that the formation of bare mono-
layers is energetically favorable and confirms the strong atomic
bonding in these structures. The s-FeS has the largest E.qp,
which corresponds well to the lowest lattice constant value
compared to the remaining h-SrS monolayer. The obtained
values for Eg,, and E., are slightly lower than the values re-
ported in the literature.” This underestimation can be attrib-
uted to the different calculation details used.

The dynamical stability of the h-SrS and s-FeS monolayers is
verified using the Density Functional Perturbation Theory
(DFPT) approach® by calculating their phonon dispersion
curves along the high symmetry lines in the first Brillouin zone,
which are shown in the lower part of Fig. 1(b). It is evident that

the phonon branches are free of any imaginary frequencies,
suggesting that the structures are dynamically stable under
ambient conditions. Based on the phonon diagrams, it is clear
that the h-SrS monolayer has six phonon branches, consisting
of three acoustic and three optical branches. On the other hand,
the primitive cell of s-FeS, which consists of four atoms, gives
rise to twelve phonon branches, including three acoustic and
nine optical branches. The maximum frequency of these
monolayers ranges up to 9 THz for h-SrS and 12 THz for s-FeS,
which is in line with the findings from previous studies.*** Our
observations have also revealed that the phonon spectra of both
systems show non-degeneracy along the directions of the Bril-
louin zone. Additionally, we have noted an interesting phonon
gap in the optical band, measuring approximately 3 THz and 2
THz for h-SrS and s-FeS, respectively. Notably, the phonon gap

Tablel The equilibrium-optimized structural parameters of the bare h-SrS, s-FeS, and doped Sr;_,Fe,S monolayers: lattice constant (a), shortest

bond lengths (dx_s), formation energy (E¢), and cohesive energy (Econ)

Ratio (x) a=">b(A) d (A) E¢ (eV) Econ (eV)
h-SrS 4.837 dsrs = 2.793 ~1.402 3.952
4.76 (ref. 13) dsr-s = 2.75 (ref. 13) —8.55 (ref. 13) 4.85 (ref. 14)
dsy-s = 2.80 (ref. 14) — —
0.125 4.756 dpe_s = 2.254 ~1.176 3.947
0.166 4.601 dpe-s = 2.314 —1.157 3.893
0.250 4.581 dpe_s = 2.283 —1.049 3.927
0.333 4.342 dpes = 2.210 —0.937 4.077
0.375 4.304 dpe_s = 2.220 —0.930 4.150
0.500 4.168 dpe-s = 2.217 —0.454 3.889
0.750 4.085 dpe-s = 2.232 —0.021 3.899
s-FeS 3.557 dpes = 2.150 —0.427 4.748

3.52 (ref. 40)
3.59 (ref. 41) —

© 2024 The Author(s). Published by the Royal Society of Chemistry
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is most pronounced in h-SrS and smallest in s-FeS, which is
mainly due to mass differences within their primitive cells. This
phonon bandgap is capable of increasing thermal conductivity
via specific phonon-phonon scattering processes, suggesting
that s-FeS may have higher thermal conductivity than h-SrS. We
should also noted that, we performed phonon calculations for
optimized h-FeS monolayer. However, h-FeS monolayer has
large imaginary frequencies in the phonon dispersion band
structure.

To further evaluate the thermal stability of the materials, ab
initio molecular dynamics (AIMD) simulations are performed.
Fig. 1(c) shows the energy fluctuation of both monolayers at 300
K. Impressively, the AIMD simulations showed consistent
energy values for the bare monolayers even after a simulation
time of 3 ps. The small energy fluctuations observed are
attributed to the ripple effect caused by temperature, which
leads to minimal changes in energy levels. This observation
highlights the commendable thermal stability of the materials
at room temperature.

After determining the energetic, dynamic and thermal
stability of the bare monolayers, we establish the final method
to verify their stability, namely mechanical stability. We use the
strain energy approach,*** which is a widely used method for
analysing the mechanical properties of 2D materials. By varying
the strain ratio in the range of —3% = € = 3% with an incre-
mental step size of 0.01, we obtained the corresponding energy
(E) values. The obtained E vs. € data are fitted to a quadratic
polynomial equation, from which we are able to derive the in-
plane stiffness using eqn (3):

C = (1/40)(0*Elde) (3)

Here, A, represents the equilibrium area of the system. A system
is considered mechanically stable if it meets the minimum Born
criterion for elastic stability in 2D materials.*> For hexagonal
and square crystals, the mechanical stability criterion imposes
constraints on their respective elastic constants on:*

Ci1 >0, Cpy > |Chy (4)
Ci1 >0, Ce6>0, Cpy > |Cyo (5)

The elastic constants are found to be C;; =28.993 N m *and C;,
=23.801 Nm* for h-SrS and C;; = 77.575 Nm™*, Cy, = 46.595 N
m ' and Cg = 60.542 N m ™ for s-FeS. Examining the single crystal
elastic constants, it is clear that all values meet the stability criteria
by being positive, meaning that both the h-SrS and s-FeS structures
are mechanically stable. In particular, the elastic constant Cj;
quantifies the resistance of a material to linear compression along
the x-direction.” Our calculations show clearly high Cy; values for
the pristine monolayers, with s-FeS having the highest value of
77.575 N m ™", followed by h-SrS. This suggests that both systems
exhibit significant resistance to uniaxial strain along the x-direction,
with s-FeS exhibiting exceptional incompressibility in this orienta-
tion due to its remarkably large C;, value. However, it is important
to note that experimental validation and further theoretical inves-
tigations are required to confirm these results.
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To explore the different properties and feasibility of the new
Fe-doped h-SrS 2D systems with the formula Sr; ,Fe,S, we have
modeled different supercells of (2 x 4 x 1), (2 x 3 x 1), and (2
x 2 x 1) containing, respectively, 16 formula units for x = 0.125
and x = 0.375, 12 formula units for x = 0.166, 0.333, and 8
formula units for x = 0.250, 0.500, and 0.750 concentrations. To
ensure the stability of the resulting alloys and to identify the
most preferable positions for Fe, we tested different arrange-
ments for each alloy type and evaluated the total energy per
atom. The most energetically stable configuration for each
compound is shown in Fig. 2. During geometric optimization, it
was observed that all alloyed ground-state structures retained
their original hexagonal structure, albeit with slight distortions
in the shape of their unit cells. Despite these distortions, the
compounds retain their unique molecular properties, suggest-
ing that the structural changes do not have a significant impact
on their overall behavior. This phenomenon highlights the
remarkable resilience and adaptability of these compounds,
which hold promising implications for their potential applica-
tions in various fields. Table 1 provides detailed information on
the lattice constants, formation energy, cohesive energy, and
bond lengths for the eight monolayers. Notably, the lattice
parameters along the x-direction show a consistent decrease
compared to the original h-SrS as the Fe concentration
increases in h-SrS. This reduction can also be attributed to the
inequality of ionic radii between Fe and Sr atoms. Furthermore,
the 12.5%, 25%, 50%, and 75% Fe based-SrS show the same
trend as their bulk counterparts,* with a significant decrease in
values from the bulk structure to the monolayer structure. This
is also explained by the interatomic interactions resulting from
the dimensional reduction and packing of the atoms. Regarding
the bond lengths, the average distance between Fe and the
nearest S atoms (dg._s) in the doped monolayers is 2.210 to
2.314 A depending on the specific doping concentration.
Compared to the pristine h-SrS, the length of the metal-sulfur
bond decreased and there is a slight shrinkage in the doped
compounds. The different ionic radius contributes to the
shortened metal-sulfur bond length. However, it is noteworthy
that dg._g exhibits minimal fluctuations with changes in doping
concentration, indicating the structural stability of the mono-
layers. To assess the relative stability of Fe-doped SrS monolayer
systems, we performed additional calculations to determine
their Efand E,p, using the formulas described in eqn (1) and (2),
respectively, as for the pristine compounds. From Table 1 we
find that the Ef are negative, which reveal that Fe atoms can be
successfully doped into the monolayer h-SrS within an
exothermic process and these compounds do not decompose
easily once they are formed. Furthermore, we observe a succes-
sive increase in Ef as the Fe-doping percentage increases from
12.5% to 75% Fe. This trend indicates that the h-SrS with 12.5%
Fe doping exhibits the highest thermodynamic stability among
the studied cases, suggesting that is the most favorable in terms
of energy considerations. Comparing the E¢ of 12.5%, 25%, 50%
and 75% Fe-based SrS monolayers with their bulk counter-
parts,” it is clear that the E¢ in 2D configurations are higher
than those in 3D configurations and therefore less stable. This
suggests that atoms in a bulk structure build more connections

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

and form a higher number of bonds, ultimately leading to
increased binding energy and consequently lower formation
energy. Also in terms of comparison, the stability demonstrated
by co-doping SrS: Fe with alkali metals*” exceeds the stability
achieved by reducing its dimensionality. This highlights the
pronounced effectiveness of the co-doped method in improving
stability in our particular case. The E.,, of the Fe-doped SrS
monolayers are all positive, indicating that their structures are
energetically stable. Notably, 37.5% Fe exhibits the highest E.qp,
among the different doping concentrations, further supporting
its energetically favorable nature.

3.2 Electro-magnetic properties and Bader charge analysis

Investigating the interplay between electronic structure and
magnetic properties represents a fundamental task in materials
science, especially in the development of functional materials
endowed with tailored magnetic properties. The use of an
orbital-resolved methodology proves to be an indispensable tool
for elucidating the complex role played by d-orbitals derived
from substituted atoms in controlling magnetic behavior. Here
we explain the apparent contributions of d-Fe orbitals to the
band structure (BS), density of states (DOS), and charge redis-
tribution (Ag) within the h-SrS monolayer resulting from their
integration. In Fig. 3, we present the band structures of both
pristines and the Sr, _,Fe,S ternary monolayers generated using
the HSE06 method.?* Furthermore, we tabulated the calculated
bandgaps (E,) of these compounds in Table 2 and compared
them with those obtained using the PBE method.*® It is
important to note that the PBE method used in our computa-
tional analysis tends to underestimate the bandgaps of the
studied compounds. This inherent limitation may affect the
precision of our results, particularly in describing the electronic
and optical properties of the materials. To mitigate this
inherent challenge, the HSE06 has emerged as a promising
alternative. Deviating from PBE, the HSE06 functional includes

© 2024 The Author(s). Published by the Royal Society of Chemistry

(f) SrosoFeosoS

(9) SrozsFeossS

(a—g) The ground-state configurations of the predicted energetically stable Sr;_,Fe,S alloys.

a fraction of the exact exchange, improving the treatment of
electronic exchange and correlation effects. As a result, HSE06
has received widespread recognition for its ability to provide
more reliable and accurate estimates of bandgap values. The
analysis revealed that the pure h-SrS monolayer system has the
characteristic features of a non-magnetic semiconductor with
indirect bandgap of 2.825 eV for the PBE method and 3.861 eV
for HSE06, as documented in Table 1, in alighment with
previous research."* Notably, the conduction band minimum
(CBM) is located at the center of the Brillouin zone (BZ) point;
while the valence band maximum (VBM) is at the M point,
highlighting the anisotropic nature of the electronic structure.
When moving from a two-dimensional (2D) configuration to
a three-dimensional (3D), it is clear that the bandgap remains
indirect, but shifts along the [I'-X] direction with the value
decreases from 3.861 eV calculated with the HSE06 functional to
3.435 eV when mB]J functional is used.* This trend is consistent
with the opposite behavior observed in the lattice parameters
when transitioning from 2D to 3D. The increase in the bulk-to-
monolayer gap value is usually attributed to the quantum
confinement effect, which becomes more pronounced with
increasing dimensionality reduction.

Interestingly, the BS of the s-FeS monolayer reveals metallic
behavior where the Ey intersects both the VB and CB regions,
which is consistent with both the PBE and HSEO06 leading to
a non-magnetic metallic state. These results agree with and
support the results of a previous study,*’ thereby demonstrating
the reliability and accuracy of the determined electronic prop-
erties. The introduction of Fe atoms through doping into the
pure h-SrS monolayer leads to significant changes in its band
structure (BS). This doping process introduces additional
impurity levels within the native bandgap, thereby triggering
a remarkable transformation of the electronic character to
a spin-polarized half-semiconducting (HSC)/metallic nature.
Importantly, this doping-induced change causes a noticeable
downward shift in the conduction band minimum (CBM)
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Fermi level is set to zero.

position, which consequently results in a reduced spin-
polarized bandgap for the system, as visually represented in
Fig. 3. The bandgap of the pure h-SrS monolayer undergoes
a significant reduction upon doping with Fe atoms, as shown in
Table 2. According to the PBE method, the bandgap decreases
from 2.825 eV in the pure state to values ranging from 1.964 eV
to 0.000 eV, depending on the spin direction and the doping
concentration of the monolayers (see Table 2). Similarly, the
HSE06 method predicts a reduction in the bandgap from
3.861 eV in its pure form to values ranging from 3.225 eV to
2.297 eV. It is noteworthy that the influence of doping on the BS,
as observed with both the PBE and HSE06 methods, shows
a nonlinear correlation with the doping concentration. A more
comprehensive visualization can be found in Fig. 4, which
illustrates the fluctuation of the total gap within concentration
when using both methods. The significant reduction in the
bandgap of h-SrS can be attributed to the complicated interplay
between the doped Fe atoms and their surrounding counter-
parts, as further explained in the following section using DOS

20674 | RSC Adv, 2024, 14, 20668-20682

(a—i) Spin-polarized electronic band structures of the bare h-SrS, s-FeS and Sr;_,Fe,S doped monolayers for the HSEO6 method. The

analysis. The PBE results indicate a predominant HSC property
with an indirect bandgap for most compositions, including
S10.575F€0.125S, ST0.834F€0.1665, ST0.667F€0.333S, STo.625F€0.375S and
Sro.500F€0.500S. However, certain compositions show deviations
from this trend, ie. Sry,5Feq-5S behaves like a metal. When
using the HSE06 method, the electronic structure shows
increased sensitivity to Fe concentration. Notably, the
Sr 667F€0.3338 and Sry ,sFe, 55S transition into HSCs with total
indirect/direct bandgaps of 2.593 and 2.263 €V, respectively. In
contrast, the electronic properties of the other alloys remain
largely unaffected and retain their semiconducting behavior
without changes in the bandgap direction.

Both the PBE and HSE methods show an almost uniform
pattern in the variation of the bandgap values. In particular, the
overall bandgap shows a decreasing trend from 0% to 12.5% Fe
concentration, followed by an increasing trend for the following
three concentrations (12.5%, 16.6%, and 25% Fe). This is fol-
lowed by a decrease in the 33.3% Fe concentration, followed by
an increase in the 37.5% Fe concentration and a subsequent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The bandgap (Eg) values of bare h-SrS, s-FeS, and doped
monolayer alloys Sr;_,Fe,S with PBE and HSE functionals, and Bader
charge transfer (Ag) from Sr (Fe) to S atoms

Up-spin channel Eg Dn-spin channel

Ratio (x) (eV) E, (eV) Aq (e)

h-SrS PBE [M-T] 2.825 — 1.236
[M-T]"®  2.77 (ref. 13) — —
[M-T]** 2.54 (ref. 14) — —
HSE [M-T] 3.860 — —
[M-T]"  3.74 (ref. 14) — —

0.125 PBE [X-T]  1.822 [H-T 0.229 0.399
HSE [X-Il 3.154 [H-T 2451 —

0.166 PBE [C-T]  1.912 [r-1 0.580 0.512
HSE [C-T]  3.079 [r-T7] 3.097 —

0.250 PBE [M-T] 1.803 [K-T 0.664 0.575
HSE [M-T] 3.105 [K-T 2.935 —

0.333 PBE [I-T] 1.731 [c-X] 0.085 0.050
HSE [I-T]  3.003 [c-X] 2.709 —

0.375 PBE [X-T]  1.954 [c-X] 0.647 0.674
HSE [X-T]  3.133 [cX] 3171 —

0.500 PBE [I-T7] 1.780 [T-K] 0.198 0.609
HSE [I-T]  3.049 [I-K] 2.564 —

0.750 PBE Metal Metal 0.268
HSE [[-T]  3.225 -1 2.297 —

s-FeS PBE Metal — 0.771
Metal*’ — —
HSE Metal — —

(a)]
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Fig. 4 Total electronic bandgaps in all ordered alloy Sr;_,Fe,S
monolayers, with both (a) PBE and (b) HSE values presented as
a function of concentration x.

decrease in the remaining concentrations (37.5%, 50%, 75%
and 100% Fe), as presented in Table 2. Interestingly, the trend
for the HSE method follows a similar pattern, except for the 25%
Fe concentration where a decrease is observed, which is in
contrast to the trend observed for the PBE method. When

© 2024 The Author(s). Published by the Royal Society of Chemistry
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comparing the BS results of the doped monolayers, including
the Sro.875F€0.1255, Sto.750F€0.250S, S1¢.500F€0.5005 and
Sro.250F€0.750S With their bulk counterparts, as documented in
a previous study,”® dimensionality reduction is found to induce
a transition from half-metallic magnetic (HMM) to half-
semiconductor magnetic (HSCM) behavior by introducing
a gap in the spin-down channel. Furthermore, the doped
monolayers exhibit a particularly flat valence band, a charac-
teristic feature of their 2D configurations, confirming p-type
semiconductor behavior. This flattened valence band repre-
sents an important and advantageous property to consider in
the context of thermoelectric applications. Also in the same
context of comparison, our determined bandgap values for
doped-SrS monolayers are of the same order of magnitude with
those reported for Cr-doped SrS (E; = 2.95 eV obtained with the
GGA method and E, = 1.93 eV obtained with the mB]J method).>®
This agreement underlines the robustness and validity of our
bandgap assessments when studying doped SrS monolayers
and further increases the credibility of our results in the
broader context of materials research.

Bader charge analysis was performed to study the valence
states of the TM atom and electron redistribution within the
doped h-SrS monolayers. The results obtained are given in
Table 2. It can be seen that the charge transfer from the Fe atom
to the h-SrS lattice results in positive charges, indicating
a robust interaction between the Fe and h-SrS. A net Bader
charge transfer of 1.236e is observed in the pure h-SrS mono-
layer, which is due to electron redistribution between the cation
and anion atoms due to their different electronegativities (0.95
for Sr and 2.58 for S). In contrast, in the pristine s-FeS mono-
layer, the electronegativity of Fe is increased to 1.83 compared
to Sr, leading to a decrease in charge transfer to 0.771e. For
doped monolayers, the magnitude of the charge transfer from
Fe to S is between 0.268e and 0.674e depending on the doping
concentration. The observed decrease in charge transfer from
pure to doped monolayers is attributed to changes in electro-
negativity. Notably, the non-monotonic pattern observed in the
charge transfer values within the doped monolayers is consis-
tent with the corresponding bandgap fluctuations calculated
using the PBE method. This trend may be due to changes in
electronic structure or bonding interactions caused by the
presence of dopant atoms.

In our pursuit of a thorough understanding of the intricate
interactions between the doped atoms and their surrounding
counterparts, as well as the possible changes in the VBM and
CBM within the Sr; _,Fe,S monolayers, we began a careful study
of their total (TDOS) and partial (PDOS) densities of states. The
insightful results of this analysis are clearly shown in Fig. 5 and
6, respectively. Studying the TDOS of the pristine h-SrS mono-
layer provides compelling evidence for its semiconducting
behavior. This claim is supported by the striking absence of
energy states at the Ey, indicating a clear bandgap between the
CB and the VB. Furthermore, careful analysis reveals two
distinct peaks positioned exactly at the VB edge at energies of
—0.164 eV and —0.815 eV, respectively, representing the highest
occupied energy levels within the material. A deeper investiga-
tion using PDOS explains the underlying origins of these peaks.

RSC Adv, 2024, 14, 20668-20682 | 20675
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In particular, the prominent peak in the VB, characterized by
the highest DOS, comes predominantly from the 3p, orbitals of
the S atom, complemented by a minor contribution from the S:
3py orbitals. Subsequently, the following peak is predominantly
determined by the S: 3p, orbitals, with a slight contribution of
the Sr: 5s orbitals. In contrast, the manifestation of the CB in
the energy range of 2.825 to 6 eV is mainly attributed to the 5s
orbitals of the Sr atoms, accompanied by a minor contribution
from the S: 3p, orbitals. These insightful observations are
consistent with a previous study.* The TDOS of the pure s-FeS
monolayer has a distinct characteristic compared to that of h-
SrS and shows a prominent peak extending toward the CB
edge, indicating a metallic nature. Further investigation of the
PDOS of s-FeS reveals insightful details about its electronic
structure. In the energy range from —6 eV to 4 eV, the VB is
predominantly influenced by the S: p orbitals and the Fe:
d orbitals, with the highest contribution coming from S: 3p, and
Fe: 3d,>_, states. As the energy range narrows to —3.5 eV to
2.5 eV, the influence of S: p states decreases and Fe: d states
become more prominent. In particular, the Fe: 3d,, orbitals
dominate from —3.5 eV to —2 eV, followed by the Fe: 3d,- and Fe:
3d,>_,» orbitals, which dominate from —2 eV to 1 eV and reach

20676 | RSC Adv, 2024, 14, 20668-20682

the Er. This characteristic feature confirms the metallic prop-
erty of the bare s-FeS monolayer. In the energy interval from
1 eV to 2.5 eV, both Fe: 3d,, and Fe: 3d,» orbitals remain
dominant, with a small contribution from the S: 3p, orbitals.
These results are consistent with the results presented in ref. 41
The introduction of Fe dopants into the h-SrS lattice resolves
a remarkable observation regarding the asymmetry between the
spin-up and spin-down TDOS within the Sr; _,Fe,S monolayers.
This observed asymmetry is consistent with the magnetic
ground states of all systems, strengthening their inherent
magnetic nature and confirming their magnetic properties.
Furthermore, a remarkable feature is revealed where impurity
states are found in close proximity to the VB, suggesting the
onset of p-type doping in the presence of Fe atoms. The incor-
poration of Fe atoms into the h-SrS monolayers leads to the
precipitation of spin-polarized bandgap formation, thereby
inducing intriguing modifications of the electronic structure. In
particular, in the majority-spin channel, hybridization between
Fe: 3d states and S: 3p states across all HSC compounds facili-
tates both the preservation and reduction of the bandgap
compared to that of the pristine h-SrS. At the same time, p-
d hybridization in the minority-spin channel leads to a shift of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a—g) Electronic partial density of states (PDOS) of Sr;_,Fe,S monolayer alloys in terms of concentration.

the Fe: 3d and S: 3p states toward the Eg, while the bandgap is
preserved. These results agree with the results derived from the
band structure analysis. It is noteworthy that for the 75% Fe
compound, both the majority and minority spin channels
exhibit a metallic property, which is due to the formation of
precursor states at the Er. An interesting observation is the
increasing importance and prevalence of p—d hybridization with
increasing dopant concentration. It is clear that the degree of
spin asymmetry in the Fe: 3d orbitals exceeds that of the orig-
inal 3p and 5s orbitals of S, and Sr, respectively. This discovery
is consistent with the assumption that the magnetic moments
are predominantly located on the Fe atoms adjacent to Sr and S,
as shown in Fig. 5. Furthermore, our PDOS analysis yielded
remarkable insights. In particular, we observed a shift in
dominance toward the 3p, orbitals of the S atoms in the VB,
displacing the previous dominance of the S: 3p, orbitals in all
compounds. As for the Fe: 3d orbitals, the Fe: 3d,._, states
predominantly occupy the lowest part of the majority spin VB,
which ranges from about —5 eV to —4 eV. In the energy interval
from about —4 eV to —2 eV, the states Fe: d,,, Fe: 3d,2 and Fe: d,;,
are predominant. The positions of the VBM and CBM are
primarily determined by the Fe: 3d states, with variations
observed at different concentration ratios. For example, the Fe:

d,;, and Fe: d,,, orbitals dominate on the VBM and CBM,

© 2024 The Author(s). Published by the Royal Society of Chemistry

respectively, for alloy ratios of x = 0.125, 0.500 and 0.750, while
the Fe: d,y, and Fe: 3d,._,» orbitals dominate for alloy ratio
of x = 0.166. Conversely, at concentration ratios of x = 0.250
and 0.375, the Fe: 3d,2_,» orbitals prove to be dominant on both
the VBM and the CBM. It is noteworthy that for x = 0.333, the in-
plane orbitals of Fe: 3d,» orbitals dominate on both edges.
Furthermore, the CB in the energy range from about 1 eV to 4 eV
is mainly determined by the Sr: 5s states. It is important to
mention that the absence of PDOS projected onto the s orbitals
of the doped Fe atom as well as its nearest neighbor S atom and
d orbitals of the Sr atom from the recorded data are attributed
to their complete electron filling, thereby making them be
limited to low energy ranges. The noticeable differences
observed in these states across different concentrations may be
the reason behind the nonlinear fluctuations in the bandgap
values. Referring to relevant literature,”® our investigation
reveals notable differences in the behavior of the four concen-
trations, namely x = 0.125, 0.250, 0.500 and 0.750, compared to
their bulk counterparts, in which the phenomena of p-
d hybridization and the emergence of 3d states in the minority-
states at the Er led to a HMM character characterized by 100%
spin-polarization.

To elucidate the underlying mechanisms behind the
induced magnetism in the original h-SrS structure, we

RSC Adv, 2024, 14, 20668-20682 | 20677


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04352a

Open Access Article. Published on 01 July 2024. Downloaded on 10/16/2025 5:53:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

performed a comprehensive analysis of the total magnetic
moment (M™") per supercell for each concentration x through
Sr,_,Fe,S systems, in addition to the local magnetic moments
of the constituent atoms Sr, S and Fe, denoted as M>", M® or M*®.
These results are summarized in Table 3.

The M™* for the compositions with 12.5%, 16.6%, 25%,
33.3%, 37.5%, and 50% Fe have an integer value corresponding
to 4 up per Fe atom, highlighting their HSC magnetic nature.
Notably, the total magnetic moment M™* of the iron-rich
compound (75% Fe) deviates slightly from the expected
integer value and is 3.898 ug, a property, which is often observed
in metallic systems. The integer value observed for M*" in the
HSC compounds appears to be related to the number and
position of Fe atoms in the cells considered. We can conclude
that if the single Fe atom is surrounded by S atoms as the next
nearest neighbor and then surrounded by Sr atoms as the
second nearest neighbor, as in compositions with 12.5%,
16.6%, and 25%, alloy cell has an integer total magnetic
moment. In the second case, when two Fe atoms in the cell form
a pair, as is the case with compositions of 33.3%, 37.5% and
50%, the alloy cell has an integer total magnetic moment.
However, when there are five Fe atoms in the cell, such as at
a composition of 75%, the alloyed cell does not have an integer
total magnetic moment due to the decoupled Fe atom.

When comparing the M with the local magnetic moments
per atom (see Table 3), it is clear that the main contribution to
the M** comes from the Fe atom, a finding that is consistent
with the results explained in the PDOS analysis (see Fig. 5).
Smaller magnetic moments are attributed to the nearest
neighboring atoms, which, due to their positive sign, exhibit
magnetic coupling with their neighboring Fe atoms, which is
due to the p-d hybridization mechanism.

Furthermore, an interesting observation revealed
a nonlinear variation of Fe magnetic moment with increasing
doping concentration, indicating a complex interplay between
the Fe dopants and the surrounding lattice. It is noteworthy that
this trend is in contrast to that observed in bulk structures for
the previously studied concentrations, with M" showing
a decrease with increasing concentration. This disparity may
also be due to differences in atom arrangement and interaction
within the 2D monolayer structure, where there are fewer
neighbouring atoms compared to bulk structures. However, the

Table3 Total magnetic moment (M*") and magnetic moment at each
Fe (M), Sr (M™), and S (M®) atom of Sr;_,Fe,S monolayer alloys with
respect to concentration using the PBE approximation

Ratio (x) M (1) M () M (ug) M® ()
h-SrS — — — —
0.125 4.000 3.303 0.006 0.048
0.166 4.000 3.360 0.004 0.092
0.250 4.000 3.306 0.015 0.065
0.333 4.000 3.122 0.019 0.026
0.375 4.000 3.175 0.011 0.103
0.500 4.000 3.264 0.045 0.088
0.750 3.898 3.299 0.041 0.170
s-FeS — — — —
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M™" of the monolayers closely matches that of their bulk
counterparts, as reported in ref. 28.

3.3 Optical properties

The Sr;_,Fe,S monolayer alloys offer immense potential and
suitability for a wide range of optoelectronic and photonic
device applications. Specifically, they hold great promise as
absorber materials in solar cells, as their bandgap values fall
within the visible to near-infrared spectrum. This advantageous
characteristic enables efficient absorption of photons for
enhanced photovoltaic performance. Therefore, it becomes
imperative to investigate the response of electrons in crystalline
Sr,_,Fe,S monolayers upon photon absorption. To gain
comprehensive insights into this phenomenon, an in-depth
analysis of the real part ¢ (w) and imaginary part ¢,(w) of the
complex dielectric function, absorption coefficient «(w), and
reflectance R(w) is conducted for all monolayer structures.
Given that the s-FeS bare monolayer and iron-rich compound
(75% Fe) structures are metallic, the calculation of their optical
properties is not the focus of our study. Therefore, we have
included only an analysis of the optical properties of the HSC
compounds. In our study, we use the complex dielectric
constant ¢(w) to characterize the macroscopic linear response of
semiconductor systems to electromagnetic radiation. This
dielectric constant is defined as ¢(w) = &;(w) + iey(w), where &4
and ¢, are the real and imaginary parts of the complex dielectric
function, respectively. The &,(w) results from the expression
derived from the momentum matrix elements between the
occupied and unoccupied wave functions in the long wave-
length with ¢ — 0 as follows:*®

2%
(27

Z|‘//K"|ﬁ'71\//KL"25(EK[ —Ex' —w) (6)

K,c,v

&(w) =

where w is the frequency of the electromagnetic waves, ¢, is the
free space permittivity, the labels ¢ and v refer to the valence and
conduction bands, respectively, and # and 7 indicate the
polarization and position vectors of electromagnetic field,
respectively. The ¢;(w) can be derived from the e,(w) using
a Kramers-Kronig transformation:*®
2 (" we(w
12 oete)

- dw (7)

Here P denotes the Cauchy principal value of the integral.

The Vasp code gives us the &(w) and &,(w) after a self-
consistent field ground-state calculation for the structure; one
can then calculate the physical properties such as the absorp-
tion coefficient (w) and the reflectivity R(w) via:*®

1

o) = VI () |[Ver T i) - a)| b ©

2

R(w) = Velw) —1

C Ve(w) + 1 ©)

These parameters provide valuable insights into the inter-
action between photons and electrons within the materials.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In Fig. 7 (a-d), we present the obtained optical parameters
for the Sr; ,Fe,S structures, which were obtained using the PBE
approach, covering the photon energy assortment of 0 to 14 eV.
Due to the inequivalent lattice constants of the unit cells in
Sr,_.Fe,S monolayers, which exhibit a hexagonal structure, the
polarization vector is not parallel to the applied electric field.
This leads to the optical parameters having two distinct values
(xx and zz) for the same photon energy, indicating anisotropy.
Notably, the optical parameters along the xx direction are larger
in the desired visible range compared to those along the zz
direction for both pure and Fe-doped h-SrS. Considering these
characteristics, we have specifically plotted h-SrS based mate-
rials solely along the xx direction to maximize their efficiency in
utilizing solar energy.

Fig. 7(a) shows the real part of the complex dielectric func-
tion ¢;(w). Within the complex dielectric function, ¢ (w) char-
acterizes the extent of polarization in the 2D lattice resulting
from the induced electric dipole moment caused by an external
electric field. The influence of Fe doping on the main peak value
of &(w) is clearly visible in Fig. 7(a). In the low energy range
below 2.5 eV, Fe doping significantly increases the real part of
the dielectric constant. Specifically, the calculated static
dielectric constants &,(0), which correspond to the values of
¢1(w) at the energy limit towards zero, are as follows: 1.702,
1.751, 3.517, 3.855, 1.667 and 2.481 for Fe-doped h-SrS mono-
layers at doping concentrations of x = 0.125, 0.166, 0.250, 0.333,
0.375, and 0.500, respectively. These values confirm the semi-
conducting nature of the monolayers and are all higher than
those of the pure structure (1.553 eV). Furthermore, it can be
observed that the ¢,(0) values of the doped h-SrS systems exhibit

4 T T T T T
(a) —— h-SrS

—12,5%
——16,6%
3 —25%
——33,3%
"\ —37,5%
50%

Real-Dielectric function & («)

©

o

N

Absorption Coefficient a(w) [10"m"]
IS

Energy (eV)

Fig. 7
R(w)spectra, respectively, of Sri_,Fe,S monolayer alloys.
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a nonmonotonic variation with increasing doping concentra-
tion. Among the six-doped systems, the 33.3% Fe-doped h-SrS
system has the highest ¢,(0) value, indicating its greater polar-
izability compared to the other alloys. Furthermore, the figure
also shows that a clear difference between the profiles of the Fe-
doped systems can be observed at low energies. In the case of x
=0.125, 0.166 and 0.375, & (w) follows the same trend of pure h-
SrS, which increases with increasing photon energy. While for x
= 0.250, 0.333 and 0.500, &(w) first decreases and then
increases with energy, indicating a sharp peak. The trend of x =
0.125 in 2D is different from that of its 3D counterpart, which
shows a negative response in the specific region attributed to
the HMM character.”® As the photon energy increases in the
range of 2.5-7 eV, which covers the near-visible to UV range, the
&(w) values of the doped systems first increase, reach their
maximum and then decrease, alongside the pure h-SrS system.
In this region, the pure h-SrS shows almost the highest response
compared to the doped monolayers, which agree well with its
bulk counterparts.?® Beyond this range, the ¢;(w) values stabilize
with increasing photon energy for all monolayers, meaning that
the doped systems have minimal interaction with high-energy
incident photons. From these observations, we can deduce
that the influence of Fe doping in the monolayers is
pronounced in the infrared to visible range.

The imaginary part ¢,(w) of the complex dielectric constant
characterizes the ability of the material to absorb photon
energy. Fig. 7(b) clearly shows the influence of the doping
concentration on the ¢,(w) and reflects the behavior observed in
the real part. The doping induces a significant shift of the first
peak of ¢,(w) towards lower energy ranges, and the change in the

Imaginary-Dielectric function &,()

Reflectance R(o)

Energy (eV)

(a—d) Real part of the dielectric function &;(w), imaginary part of the dielectric function e,(w), absorption coefficient a(w), and reflectance
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absorption edge energy of ¢,(w) follows the same trend as the
bandgap. Notably, the doped systems exhibit a significant red
shift of the absorption edge compared to the pure h-SrS
monolayer, indicating the introduction of impurity levels
within the intrinsic bandgap as a result of doping with Fe
atoms. This observation is consistent with similar phenomena
observed in bulk SrS:Fe structures doped with alkali metals.*®
Notably, small sharp peaks appear in ¢,(w) at energy values of
0.229, 0.580, 0.664, 0.085, 0.647, and 0.198 eV for the doped
monolayers at x = 0.125, 0.166, 0.250, 0.333, 0.375, and 0.500,
respectively. These peaks can be attributed to transitions in the
optical bandgap from Fe: 3d states to S: 3p states, confirming
the semiconductor nature of the monolayers. Furthermore,
a sharp and intense peak is observed in the visible energy range
at 2.705 eV for the 50% Fe-doped monolayer, which represents
the highest intensity peak among all concentrations. This peak
corresponds to higher transitions within the band structure. As
the photon energy increases, the ¢,(w) increases steadily until it
reaches its maximum values at around 6 eV for all monolayers,
except for 50%, which reach their maximum in the visible
region. These elevated values are in the UV region and are
attributed also to interband transitions between Fe: 3d states
and S: 3p states, highlighting the pronounced activity of the
monolayers in this spectral region. Subsequently, the &,(w)
values of all monolayers progressively decrease with increasing
photon energy until they reach their respective minimum
values. This decrease indicates minimal interaction between
photons and the material surface.

The absorption coefficient a(w) serves as a valuable optical
parameter and quantifies the extent to which light of a given
wavelength can penetrate a material before it is absorbed.
Fig. 7(c) shows the simulated plot of the absorption coefficients.
In this figure, the a(w) edges are shown at 2.825, 0.229, 0.580,
0.664, 0.085, 0.647 and 0.198 eV for the respective concentra-
tions, x = 0, 0.125, 0.166, 0.250, 0.333, 0.375 and 0.500.
Remarkably, the doped systems exhibit a redshift phenomenon
consistent with o(w) behavior, suggesting their superior
photovoltaic optical properties. Furthermore, the maximum
absorption peaks are observed at 8.134, 7.602, 6.948, 7.338,
6.806, 7.398, and 7.848 (x 10’ m ") for the photon energies of
5.563, 5.726, 6.581, 5.930, 5.630, 7.000, and 6.500 eV in the bare
and doped h-SrS monolayer systems. Notably, the absorption of
the doped systems exceeds that of the pure h-SrS monolayer in
the visible and infrared regions, indicating that the pure h-SrS
monolayer has high transmittance in the low energy region.
Conversely, the pure h-SrS monolayer exhibits a higher
absorption in the energy range of 5 to 6 eV, indicating its suit-
ability for near-ultraviolet photodetectors compared to the
doped SrS monolayer systems. Looking at the enlarged areas in
the diagram, it is clear that the doped h-SrS monolayer systems
are more suitable for solar cell applications, with the system
having the highest absorption intensity over the entire visible
region at a doping concentration of 50%.

Fig. 7(d) shows the reflectance (R(w)) for both the pristine
and the six doped monolayers. As shown, the R(w) values are
negligible for the doped monolayers and almost zero for the
pristine system in the infrared region. This observation,
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coupled with the low absorption in this region, suggests that
these monolayers exhibit polarizationally-transparent proper-
ties along the x-direction. However, R(w) increases in the visible
to UV range and peaks in the UV at 19.4%, 15.7%, 13%, 14.5%,
12.4%, 16.2% and 16.7% for the respective concentrations of x
=0, 0.125, 0.166, 0.250, 0.333, 0.375 and 0.500, at energies of
5.522, 5.712, 6.544, 5.930, 5.672, 5.075 and 6.513 eV. The
average reflectance value is less than 16%, suggesting that the
monolayers absorb light relatively well rather than reflecting it.
This property is highly desirable for solar energy applications.

4 Conclusion

Briefly, we have performed comprehensive spin-resolved
calculations on the crystal structure, electro-magnetic proper-
ties and optical properties of ordered single-layer Sr;_,Fe,S
alloys with values in the range of x = 0-1 using a DFT approach
based on the plane wave pseudopotential. We determined
through calculations of formation energies, cohesive energies,
molecular dynamics simulations, and elastic stiffness constants
that each of the bare materials studied, SrS (FeS), is energeti-
cally favorable and thermally and mechanically stable under
ambient conditions. Calculations of phonon spectra show that
both materials are lattice dynamically stable. The ground state
results show that SrS stabilizes in a hexagonal structure similar
to graphene, while FeS prefers a square structure, which is
consistent with previous theoretical studies. By doping the Sr
sites with Fe impurities, all seven monolayers retain their
hexagonal structural stability as well as their thermodynamic
and energetic stability. Comparing the formation energies, we
find that the 12.5% Fe-doped h-SrS monolayer system has the
lowest energy, suggesting that it has the most stable composi-
tion. Furthermore, the 37.5% Fe-doped SrS monolayer exhibits
the highest cohesive energy, indicating its superior stability
with respect to the crystal lattice structure. To obtain a more
accurate band structure, we also use the PBE + HSE06 method.
Both PBE and HSEO06 calculations confirm that the bare
monolayer system h-SrS is a non-magnetic semiconductor with
an indirect bandgap, while the s-FeS system is a non-magnetic
metal. In terms of composition, the PBE results suggest that
all doped systems exhibit half-semiconductor character (HSC),
while the 0.750 and 1 Fe doped systems exhibit metallic-
magnetic and metallic non-magnetic properties, respectively.
On the other hand, using the HSE approach shows a transition
to HSC for doping level of 0.750, while others maintain the same
behavior. Furthermore, we observed that the low dimension-
ality of Sr; ,Fe,S (x = 0.125, 0.25, 0.50 and 0.75) affects the
behavior of their bandgap, which is in contrast stands by what
was observed in their bulk counterparts.*® This property proves
to be advantageous for their optoelectronic applications. Our
magnetic studies show that the introduction of Fe into mono-
layer compounds induces a total magnetization of 4 ug.
Furthermore, the study of crystal field splitting shows that p-
d hybridization is responsible for the observed HSC behavior.
Finally, the optical properties show that doping with Fe atoms
leads to a red shift of the absorption edge, extending the optical
absorption range of the base material to the visible and near-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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infrared range, making these monolayers useable as solar cells.
These results highlight the effectiveness of Fe doping as
a means to tailor the properties of SrS monolayers to specific
application requirements.
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