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Half-metallicity and structural properties
of low-concentration Fe-doped SrS alloys: a first-principles study
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Present research reveals the doping effect on physical properties of Sri_«FexS by employing
ab-initio calculations. The negative formation energy and optimization outcomes exhibit the
stability of the Sri.<Fe,S alloys with ferromagnetic phase. Spin dependent band structure
(BS) and density of states (DOS) interpret that Sri<Fe.S revealed half metallic
ferromagnetic (HMF) nature at 6.25% and 12.5% of Fe doping while metallic character is
revealed at 25% concentration of dopant. Spin-up state of Sroos7sFeo0625S and
Sro.g750F€0.1250S depicts semiconductive behavior with bandgap value of 2.01/2.33 eV,
correspondingly, while metallic in spin-down channel. The magnetism in the system is
mainly originated because of Fe-d state that further confirmed from magnetic spin density.
The total magnetic moments are 4.001, 7.9889, 16.0180 (ug) for 6.25%, 12.5% and 25%
doping, respectively. Furthermore, optical features are investigated to explore the role of
concentration on the response of alloys to incident light (0-10 eV). The &(0) value are 13.4,
26.9, 70.1 for Sro.9375F€0.0625S, Sro.8750F€0.1250S and Sro 75Feq 25S, respectively. The maximum
absorption exists within of 3.4-7.89 eV for the studied compounds that make them suitable
material for UV optoelectronic devices. Thus, the investigated alloys can be employed for
spintronic and optical device usages.
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1. Introduction

Spintronics and optoelectronics lead the way for improving modern technologies [1], aided
by compact integrated circuits, nanometer-sized chips for storage information and well-ordered
sensors [2-6]. Spintronics utilizes electrons spin states (up and down) in solid-state systems [7]. In
spintronics, researchers are looking for appropriate materials to produce low-cost, small-size and
high-speed electronic gadgets that exhibit asymmetric band dispersion above fermi level, known as
half metallic ferromagnetic (HMF) and dilute magnetic semiconductors (DMSs). These would serve
as spin diodes, valves and spin filters, whereas optoelectronics mainly relies on semiconductive
materials [8-12]. These materials induces ferromagnetism (FM) by exchange coupling among d-
electrons (transition metals (TM)) s, and p electrons from the host binary compound (semiconductor)
to provide fascinating magneto-optical and magneto-transport features [13-15]. The spin of the host
atoms is controlled by the TM atoms. HMF materials interpret the distinctive feature of being
semiconductors in one spin direction and metallic in another, resulting 100% spin polarization near
Fermi level (Eg)[16]. Consequently, in modern decades several researchers focused on exploring
HMF in semiconductors ( III-V, II-VI) for information storage chips[17-21]. HMF has been studied
in innumerable materials, including perovskites compounds La 7Sro3MnOs [22], double perovskites
Sr:FeMoQg [23] and in binary alloys such as Cr doped ZnTe/BeTe/BeSe, and V doped MgSe/Te,
BeTe, ZnSe/Te [24-29].
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The alkaline earth chalcogenides (II-VI, III-V) are important semiconductors having wide
energy bandgap (Eg), low dielectric constants and valance band widths [30]. In this respect, the
strontium sulfide (SrS) has engrossed scientific and industrial attention owing to its multiple
technological applications in luminescent devices, catalysis, high resolution imaging,
microelectronics[31-33]. SrS transformed from B1 to B2 phase at 18 GPa and its experimental
lattice constant obtained for B1 structure (6.024 A) [34]. Moreover, SrS consisted of flat valence
band (generating a high DOS at valance’s fringe) that formed a good candidate for ferromagnetism
and easy to fabricate than other semiconductors owing to their chemical structure [35]. Recently, Fe
doped binary compounds gained interest as ferromagnetic (FM) semiconductor owning to high high
Curie temperature, suitability for high-speed spin gadgets, and low power consumption, prompting
researchers to study their ferromagnetic mechanism [36]. Singh ef al. investigated iron substitution
in CdSe nanoparticles which resulted FM features at room-temperature and also increasing Fe
concentration increased saturation magnetization [37]. The electromagnetic characteristics of
Fe:CdS studied by Bourouis et al., found the strong half metallicity with robust hybridization among
Fe-d and p -S orbitals [38]. Hamidane et al., reported the Sr;xMnyS and outcomes exposed that the
lattice parameters decreased with increasing Mn concentration [39]. The solid phase reaction method
was utilized to examine the optical and luminescence characteristics of Sm modified BaS, and found
that direct and indirect excitation of Sm ions depended upon luminescence pattern [40]. Maurya et
al., employed DFT to demonstrate HM behavior of Co, Fe, Ni modified barium sulfide and exposed
that TMs-d/p-states played significant role in HM magnetism [41]. Furthermore, theoretical
investigations were conducted to perceive HMF character in alike alloys such as Cr-modified
MgSe/SrS, vanadium modified BaS, and SrO [42-44].

Herein, the physical characteristics of Sri«FesS alloys are explored at different
concentrations of Fe using DFT. Objective of the study is to formulate such compounds that have
enhanced electromagnetic and optical features for innovative applications. Besides it, how impurity
(Fe) atoms tune the studied features in SrS is also the focus of analysis. The results may lead to new
routes to employ the investigated alloys in optoelectronics and spintronics gadgets.

2. Computational details

DFT is one of the most famous techniques for computing crystalline structure of the
material, including electronic and optical properties, and other physical characteristics [45, 46]. The
ground state structural parameters of titled alloys are estimated by optimizing and relaxing unit cell
configurations. Computations were done by implementing FP-LAPW scheme of DFT as
incorporated in the WIEN2k package [47]. It is one of the most suitable approach to solve Kohn
Sham (KS) equations [48]. In cubic phase, exchange-correlation (XC) interactions were treated with
PBEsol + GGA approximations. Each crystal unit-cell in the FP-LAPW method has two regions, an
interstitial and a muffin-tin. A plane-wave orbit extends the potential in the earlier region, while the
latter region consists of sphere-shaped harmonics [49].
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For Sr, S, and Fe atoms, muffin tin radii (Rmr) are taken as 2.68, 2.15, and 1.52 (bohr),
respectively. Inside the sphere, the angular momentum value is taken as Inwx = 10. To control the
plane wave expansion, the convergence parameter is set to Rvt X Kimax = 10. Here, Ryt elaborates
the smallest value of muffin tin radii while K.« represents the highest value of reciprocal lattice.
Using a mesh of 10x10x10, the Brillouin zone (BZ) integration is done using 1000 k-points. St, S
and Fe have the respective valance electron configuration of 4s* 4p° 5s, 2p° 3s* 3p* and 3p°® 4s? 3d°.
Gaussian parameter, Gmax = 12 is used for atomic radius conversion and energy cut-off parameter is
set to -6.0 Ry to evade the charge leakage [50]. Furthermore, Kramers-Kronig (KK) relation is
implemented to compute the dielectric constant of studied alloys [51, 52].
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3. Results and discussions

3.1. Structural properties

Structure of any crystal have a major influence on its structural, electronic and optical
characteristics [53]. The computation reveals that alloys have cubic crystal structure (see Fig. 1 (b,
d, 1)) belonging to Fm3m space group. In the unit cell, the Sr and S atom is placed at 4a (0, 0, 0) and
4b (0, Y4, 0), respectively.
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Fig. 1. Volume optimization and unit cells of ternary alloys Sr;FexS at (a-b): Sro.9375F€g.0625S, (c-d):
Sro.75F e 25S, and (e-f): Sro.75Feq2sS.

By employing Birch-Murnaghan's equation of state (EOS), ground state energy of the
system was computed [54, 55].
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Energy versus volume (E-V) curve is drawn that interprets the firmness of the studied alloys
in ferromagnetic phase (see Fig. 1(a, c, e)). After fitting data with EOS, the optimized structural
parameters that include lattice constant (a,), ground state energy (E,), optimized volume (V,), bulk
modulus (B,) and its pressure derivative (B') are computed (see Table 1). There is slight increase in
lattice constant values as the dopant concentration increases owing to the increased ionic radii of Fe
contrary to Sr. Furthermore, during structure optimization, Fe atoms move away from Sr as the
dopant concentration increases that resulted in increased value of a, at 25% Fe-concentration [56-
58]. Itis evident that the B, has smaller value at 6.25% doping concentration with relative to 25%.
It interprets that Sroo375Feo.0625S is more compressible. Increased B, value illustrates structural
rigidity that is the significant aspect for spintronic applications [59, 60].

Additionally, to investigate the thermodynamic firmness of alloys, enthalpy of formation
energy (AHy) is computed by utilizing following relation:

AHy = E(ST1-xFeyS) — aEpe — bEs, — cEs 3)

In above relation, Ei is the total energy of the alloys, while Ere, Es and Es; display the
formation energy of the individual Fe, Sr and S atoms [61]. Number of atoms in a unit cell is
displayed through a, b and c. The results expose negative AHy values (see Table 1) that confirms the
firmness of alloys [62]. It further reveals that the reaction would be exothermic when the studied
alloys are synthesized.

Table 1. Enthalpy of formation energies and ground state features for Sr;FexS alloys.

Structural Concentration of Fe atoms

Parameters Sro.9375F €0.06258 Sro.s75 Feo.125S Sro.ssFeo2sS
a, (Bohr) 10.0856 10.1392 10.2179
Vo (au)? 5620.8543 2743.6033 1301.4369
E, (Ryd.) -110640.226955 -53413.582629 -24800.271021
B, (GPa) 54.6031 57.6646 60.9958
B,/ 4.5353 5.1167 5.1394
A He(eV) -2.12 -2.34 -2.48

3.2. Electronic features

In order to achieve a good comprehension related to electronic behavior of studied alloys,
electronic properties are computed [63]. These features of the system is evaluated from BS and
DOS to expose the nature (semiconductor, half metallic, metallic, insulator) of the alloys [64]. BS
is further useful for revealing the orbital contribution in electronic properties. The electron
diffraction in periodic crystal lattices resulted the formation of bands in solids [65]. Energy structure
of the compounds depends on orbital interactions in lattices. In literature, it is found that the intrinsic
SrS executes semiconductor nature with bandgap (E) value of 2.5 eV [35]. After Fe doping, the
SrS alloys are polarized in (up/down) spin versions at different concentrations and induces
magnetism in system. SrixFexS (x= 6.25%, 12.5%) revealed the semiconductive nature in up-spin
channel (left pannel) with E, value of 2.01, 2.33 eV, while metallic nature in down-spin (right
pannel) state; revealing HMF nature that leads to 100% spin polarized states (see Fig. 2 (a, c, d, f)).
E, value in up-spin channel reduces due to upward shifting of valance band (VB) through
incrementing concentration of impurity atom and exposed metallic character in both spin channels
for Sro.75Feo25S alloys (see Fig. 2 (g, 1)).
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Fig. 2. Band structure plots (left and right section) and total density of state plots (central section) of (a-c)
Sro.9375F€9.0625S (d-f) Sro.s750F €o.12508 (g-1) Sro.750Fe€0.250S.

In addition to band structure analysis, the qualitative explanation for VB, conduction band
(CB) and the energy states are exposed by DOS (total DOS and partial DOS). TDOS spectra (see
Fig. 2 (b, e, h))) reveals similar scenario as observed in BS and displays how different states affect
the band arrangement. To investigate the origination of hybridization and magnetic moments of Sr;.
«FexS alloy, PDOS is investigated (see Fig. 3(a-i)). It allows assessing the participation of each atom
to the crystal structure. The VB is majorly consisted of Fe-d and p-S orbitals in both spin states of
band formation. The participation of states around fermi level (Ef) were found -0.1 to 0 eV (dn-spin)
and -0.2-0 eV (up-spin) as shown in Fig. 3(a-f). For 6.25% and 12.5% concentrations, the CB is
mainly populated from Fe-d state within range of 2.43-6 eV with minor participation of Sr-s/p
orbitals. The hybridization exists between Fe-d and S-p states from 2.5 to 5.1 eV (See Fig. 3 a, d,
¢, ). The dominant peaks of Fe-d/s and S-p orbitals with minor involvement of Sr-p/d and S-s states,
however in CB region curves of Fe-d and S-p are dominant (see Fig. 3 (g, h, 1)).
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Fig. 3. Partial DOS of(a—c) Sl”o,9375Fe(),06255 (d—ﬂ Sro,8750F60,1250S (g—z) SV04750F60,25()S.

3.3. Magnetic features
The magnetic character of Sri.xFexS (x= 6.25%, 12.5%, 25%) are examined to calculate the
interstitial, total and local magnetic moments (ug) (see Table 2).

Table 2. Computed magnetic moment (ug) of SrixFe.S alloys.

Magnetic Moment (up)
Alloys Total Interstitial Fe Sr S
Sro.9375F€0.0625S 4.0018 0.13671 3.59317 0.00429 0.12483
Sro.875 Feo.1255 7.9889 0.25579 7.2015 0.00743 0.35642
Sro.75F€0.25S 16.0180 0.51321 14.41905 -0.00073 3.07463

The total magnetic moment (Mro) in a cell is 4.0018, 7.9889, 16.0180 pug for
6.25%, 12.5% and 25% doping concentrations, respectively. Magnetism increased with increasing
doping content, which confirm the FM character that based on Hund’s rule [66]. The Fe-d state is
the base for the enhanced magnetic moment in studied compounds that is confirmed through
magnetic densities (see Fig. 1b, d, f), while the minor magnetization originates from hybridization
of nonmagnetic Sr-s and S-p orbitals. Furthermore, the spin alignment of each atom of corresponding
compound is designated by negative and positive values of ps. Magnetic moments with positive
signs indicates the alignment of spins in the identical direction, while negative sign indicates
opposite spin alignment, indicating ferrimagnetic/anti-FM features [67].
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3.4. Optical features

Optical characteristics are essential to analyze the feature of a alloys when electromagnetic
radiations fall on it. To explore the prospective optoelectronic applications of a compound, a
comprehensive insight regarding its response to ultraviolet (UV), visible and infrared energy range
is necessary [68, 69]. The optical analysis of SI‘o,9375Feo,06258, Sros750F€0.1250S and Sro.750F€0.250S
including the study of absorption coefficient, and optical conductivity are examined. In
optoelectronic devices, light absorption and emission depend on inter-band and intra-band
transitions [70]. Inter-band transitions play significant role in semiconductors, but in metals, intra-
band transitions are important [71]. Dielectric function (g(w)) is directly linked to BS and reveals
that how an optically active material responds to incident energy (E=hf) [65]. The &(w) is represented
by:

£() = & (o) +ig; (0) 4)

Here, real part €(w) defines the polarization/dispersion of light, while imaginary part & (®)
illustrates the absorptive behavior of light [72, 73]. Using Kramer’s Kronig model, the &;(®) and
&(m) can be computed as given below [74]:

& () = 1+2p [ 22D gy 5)
*h ' '
&2 (0) = o Yoe [ (b, I [on,0'(K) — ] dk ©)

For Sro.9375F€0.0625S, Stos7s0Feo.1250S and Sro7s0Feo2s0S, the static dielectric function ¢;(0)
values are 13.4,26.9, 70.1, respectively (see Table 3). It interprets that with increasing concentration
of Fe atoms polarization increases. E, and €1(0) have inverse relation, as stated by Penn’s model
[75].

51(0) = (wp/Eg)z (7)

With increase in energy, its value decreases, but after 7.1 eV, its value becomes constant
(See Fig. 4a). Similar compounds are being investigated by a number of researchers. Cr doped BeSe
have values (¢1(0)) of 6.5, 21.8, 28.1, 80.7, 58.1 at 6.25%, 12.5%, 18.75%, 25% concentrations,
respectively [76]. CdixCoX (X= Te, S, Se) have (&1(0)) values of 25.67, 70.50 and 59.67,
respectively [77]. At 25% doping concentration, £(0) has negative values at 7.4 eV exposing the
metallic behavior of the system [78].

In the optical spectra of a compound, &(®) plays a significant role and illustrates the
absorption capacity. It further reveals the information about threshold energy points of a material,
which correspond to electronic transitions between unoccupied and occupied states [79]. The optical
critical points for SrixFexS (x=6.25%, 12.5%, 25%), occurs at 0.2-2.9 eV (see Fig. 4b). The studied
material is more absorbent between 4.5-7.0 eV (UV zone) that exemplify the studied material is
suitable for optical devices. Energy variance is mainly caused by differences in E, of system at
different concentrations.

Absorption coefficient (o (®)) illustrates the decrease in light intensity as it propagates
through a material (see Fig. 4c) [80]. The absorption spectra is associated with €x(®) as given in the
equation [81]:

a@); = £ [2[le(@); | - Re(e(@)))] ®

With Fe doping, the width of the absorption zone upsurges. Furthermore, the maximum peak
is shifted towards high energy, reflecting the blue-shift analogous to €(w) graph. For the studied
materials, the first maximum magnitude of peaks lies within 3.4-7.89 eV, representing the UV zone.
Thus, the light dispersion is minimum in the stated region. Another little peak is also observed at 9
eV with the value of 147x10* cm™ for 6.25% and 12.5% dopant concentrations, indicating the
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absorption at this energy. In case of 25% Fe-concentration, maximum value of o (®) is 130x10* cm™
""at 7.89 eV. These results quantify that in UV zone, absorption intensity of peaks decreases via
increasing concentrations of dopant atoms.
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Fig. 4. (a) e/(w), (b) e2(w), (c) a(w), and (d) o(w).

Absorbing photon energy resulted inter-band electronic excitations that contributes to the
conductivity of the system. It is known as optical conductivity c(w) that has similar characteristic
features as &(w). It also depends upon inter and intra band transitions and interprets the
photoconductivity of the material. The maximum a (®) leads to higher o(w), represents that the
energy photons need more energy to break bonds. Its peak values lie within 4.2-7.5 eV energy limit
and then declined trend is observed (see Fig. 4d). At maxima of conductivity, €;(®) is negative (see
Fig. 4a) that illustrates the maximum conductivity is in metallic zone. The highest () values are
5864(at 6.83), 5852 (at 7.3) and 5739 Q tcm™! (at 7.5 eV) for Sro.9375F€0.0625S, Sro.8750F€0.1250S and
Sro.750Fe0.250S, respectively.

Another significant parameter is complex refractive index that mathematically expressed in
the following way [82]:

(w) = n (w) + ik (w) ©)

n(w) depicts the light propagation through a material. Complex refractive index of a compound can
be computed through [83]

L Ve @)+ 2@ + ey @)] (10)

n(w) =

1
k@) = L[Ve@) + &7@) — & @) (an
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Static values of H(O) are 2.6, 7.2, 9.8 for SI‘().9375F60.06258, SI‘()_3750FC()_125()S and SI‘o,750Feo_2sos,
respectively (see Table 3). For comparison with reported literature, Ba;xMnyS (x= 6.25%, 12.5%,
25%) alloys revealed n(0) values of 2.3, 2.4, 2.5, respectively [70] and for Be;xCrxSe (x= 6.25%,
12.5%, 18.75%, 25%), exposed n(0) values of 4.8, 5.3, 9.2 and 7.7, respectively [76]. In the studied
doped compounds, the static n(®) values upsurge via increasing doping content (see Fig. 5a). Its
maximum values appeared at 4.2 eV (in UV zone) owing to electronic transition from VB to CB
then decline to lower values of n(w) at higher energy limit. It is because, the direct electronic de-
excitation at high energy limit is not possible, hence, energy is dissipated [84]. k() measures the
photons reduction in a system owing to scattering and absorption [85]. Extinction coefficient k(w)
assessed through &(®) by the following relations [86]:

&(w) = 2nk (12)
&(w) = n?-k? (13)
It is directly associated with absorption and & (w)as represented by the equation [87].

Aa(w)
41

k (w) = (14)
The peaks range of k(w) occur within visible to UV zone (see Fig. 5b). For all under
discussing concentration of Fe ions, it is observed that the highest value of k(w) is 1.8 at 7.8 eV.
Reflectivity R(m) examines the surface nature of the system. It further elaborates the ratio
of reflected to the incident light [60]. Mathematically, it is expressed as: [83]

_ K w)+m@)-1)?
R(w) = k2 (@) +(n(w)+1)2 (s)
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Maximum R(®) occurs at the energy range where €1(®) values become negative. Initially,
the reflectivity was 18 % (0.18), 62 % (0.62) and 73 % (0.73) for Sro.9375F€0.0625S, Sro.s750F€0.1250S
and Sro.750Fe0.250S, correspondingly (see Table 3) owing to lattice vibrations in the system [76]. The
R(w) spectra reveal that its value is small at low energy while the reflectivity elevates at intermediate
and high energies (see Fig. 5c). The highest R(®) values are 43%, 42% and 40% at 9.2, 9.2 and 8.76
eV for Sro_9375Feo_06258, SI‘o,g750Feo,1zsos and SI‘ojsoFeo,zsoS, respectively.

Table 3. Calculated £1(0), n(0), R(0) and Eq of Sr.<FexS alloys.

Alloys Ez (V) €(0) | n0) | R(0)
Spin-up Spin-down

Sro.9375F €0.0625S 2.01 0 13.4 2.6 0.18

Sro.875 Feo.125S 2.33 0 26.9 7.2 0.62

Sro.71sFeo.25S 0 0 70.1 9.8 0.73

4. Conclusion

Herein, the spin dependent DFT examination is executed to explore the electromagnetic,
structural and optical characteristics of Sri4FexS alloys. The calculations are performed by
employing FP-LAPW scheme as implemented in WIEN2k code. Firmness of Sri.<Fe,S is ensured
by the negative enthalpy of formation energy. At 6.25% and 12.5% of Fe concentration, spin
polarized electronic BS and DOS reveals the HMF nature and exposed metallic character at 25%
doping concentration. Computed values of the Mo usfor SrooeszzsFeoos2sS, SroszsoFeoi2soS and
Sto.750Feo.250S are 4.0018, 7.9889, 16.0180 pp, respectively that mainly comes from Fe-d state. The
optical features are examined within 0-10 eV. The studied doped compounds have maximum
absorption and conductivity in UV zone. Overall analysis suggests that the Sr.«<FexS is a promising
alloys for spintronic and optoelectronic devices.
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