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Abstract

This study investigates the influence of hydrostatic pressure on structural, electronic,
mechanical and optical properties of Sr;PX; (X=Cl and Br) compounds, by using the first-
principles density functional theory (DFT) within the pressure range of 0-30 GPa with
a span of 10 GPa. For Sr;sPCls and Sr;PBr;, the dynamical stability is confirmed by the
fact that the phonon dispersion curves do not contain imaginary modes. Pressure-induced
band gap alterations in Sr;PCl; and Sr;PBr; reveal semiconducting behavior: GGA meas-
urements show a decrease from 1.70 eV and 1.55 eV at ambient pressure to 0.22 eV and
0.21 eV at 30 GPa; TB-mBJ results show a decrease from 2.73 eV and 2.40 to 1.07 eV
and 0.92 eV. This supports their inverse relationship with pressure. The values of Debye
and melting temperatures support their high-temperature applications. Effective mass also
shows an inverse relationship with induced pressure. The bond length, lattice parameters,
and cell volume reduces with pressure. They exhibit ductility, which is further enhanced
by the applied pressure. These materials emerge as promising candidates for flexible opto-
electronic devices. Optical properties like absorption coefficients, reflectivity, and dielec-
tric functions were observed and found to be significantly influenced by applied pressure.
The absorption spectra exhibit a significant redshift with increasing pressure, indicating
enhanced potential for optoelectronic applications. Our detailed investigation sheds light
on the tunability of Sr;PX; (X=Cl and Br) properties under pressure, showcasing their
potential for cutting-edge applications in optoelectronics and photovoltaics.

Keywords DFT - Dynamic stability - Debye temperature - Effective mass - Optical
properties

1 Introduction

The fastest-growing photovoltaic materials are hybrid organic—inorganic halides at the

moment, which are used for solar cells (Huang et al. 2020; Liu et al. 2020; Seo et al. 2016).
For their simple crystal structure and a variety of characteristics, including resistivity,
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piezoelectricity, ferroelectricity, and superconductivity, perovskite oxides are highly valued
in the field of material research (Butt et al. 2021; Kouchaksaraie 2011; Verma and Jindal
2009). Perovskites are exceptional because of their broad variety of uses in the most recent
developments and their special capacity to undergo phase changes (Khan et al. 2023; Wu
et al. 2021). Particularly, lead halide perovskites gained a lot recognition in photovolta-
ics (PV) field because of their affordable price, appropriate band gaps, high photoinduced
carrier mobility (Wehrenfennig et al. 2014; Zhumekenov et al. 2016), and effective visible
light absorption (Kojima et al. 2009; Lee et al. 2012; Stoumpos et al. 2013). Lead halide
perovskites show great properties but contain toxicity (Liu et al. 2019b; Yang et al. 2020).
In addition, regarding lead toxicity, perovskite solar cell manufacture and disposal create
significant problems, which limits the sustainability of the technology and puts human and
environmental health at risk (Ren et al. 2022). Because of this, researchers have conse-
quently paid close attention to lead-free halide perovskites (Lan et al. 2021; Moghe et al.
2016).

These Lead-free materials are getting a lot of attention because of their remarkable opto-
electronic qualities, Conductivity, mechanical stability, absorption coefficient, and tunable
band gap properties (Yin et al. 2014; Zhang et al. 2016). In contrast to lead (Pb)-containing
PV cells, the bulk of perovskites have more encouraging qualities and are typically more
ecologically harmless (Babayigit et al. 2016; Eperon et al. 2015). A broad range of char-
acteristics, including conductivity, insulation, semi-conduction, and superconductivity, are
present in perovskite materials (Bhalla et al. 2000; Kanhere and Chen 2014). As a result,
perovskites are acknowledged by many as a highly significant class of materials that com-
prise various crystal shapes (Filip and Giustino 2018). Even though the method of turning
electricity into light is the opposite of that of turning light into electricity, the first research
on converting electricity into light was published several decades before the initial study
on halide perovskites being utilized as photovoltaic sun absorbers (Jiang et al. 2019). Right
now, solar technologies are replacing conventional energy sources. Over the past ten years,
perovskite materials have seen improvements that have accelerated development (Jung and
Park 2015). It’s also making advances in the green solar consumers (Ali et al. 2023; Dandia
et al. 2020; Liu et al. 2019a; Tian et al. 2019). The ABX; group of perovskite materials has
garnered huge attention, wherein Sn**, Ge?*, Eu**, Dy**, and Yb** have been explored
as substitutes for the hazardous Pb%*, resulting in exceptional optoelectronic properties to
hold significant value for the perovskite solar cell field (Marshall et al. 2016; Noel et al.
2014; Zhou et al. 2018). The variation of elemental constituents (A, B, or X) within the
ABXj configuration can also be noticed as provoking a form of internal pressure due to the
alteration in elemental size, and thus, an overall grasp of the impact of structural deviation
demands this influence to be compared precisely.

Recent years have seen a variety of research projects that have used strain engineering
to enhance particular material qualities. (Feng and Zhang 2021) identified the stable com-
pounds of high efficiency on A;MXj structure (the following: A=Ca, Mg, Ba, Sr; M=N,
P, As, Sb and X=F, Cl, Br, I) and found Ba;Pl;, Ba;Asl; and Ba,Sbl; stable PV material
which showed up to 25.9% efficiency. (Zhou et al. 2016) worked on MAPbI; by applying
pressure, gaining a higher band gap energy, more carrier mobility, and better absorption
coefficients for the material that can raise its potential for use in photovoltaics. (Islam et al.
2024) worked with Ca;PCl; perovskite by applying biaxial strain. Where in the absorp-
tion spectra, tensile strain leads to a blue shift (toward greater energy) while compressive
strain leads to a redshift (toward lower energy). (Faridi et al. 2018) showed the reverse
relationship of pressure with anisotropy and the brittle to ductile shift under hydrostatic
pressure of KNbO;. A strontium-based research by (Algahtani et al. 2024) on Sr;AsX;
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(X=F and Br) showed high optical absorption within the range of 2—10 eV. The band gap
obtained by HSE was quite high around 2.5 eV. Working with A;BX; (A=Ca, Sr, B=P,
As, X=1, Br), which consists of 6 compounds in total, (Ghosh et al. 2024b) discovered
that the HSE approach shows a larger band gap than the GGA method. Later, (Ghosh et al.
2023) reduced the band gap of Sr;Asl; by applying strain. In addition, (Ghosh et al. 2024a)
worked with Sr;PBr; on strain-induced changes and studied structural, electronic, mechan-
ical, and optical properties with FP-DFT, where it exhibits remarkable light absorption
within the visible light range.

This study comprehensively investigates the structural, electronic, mechanical, and opti-
cal characteristics of Sr;PX; (X=Cl, Br) under various pressures utilizing density func-
tional theory (DFT). According to earlier studies, no research was done on the pressure-
induced characteristics of Sr;PBr;. Therefore, a thorough examination of the physical
properties of Sr;PCl; and Sr;PBr; is important with pressure-induced changes to be able to
obtain a comprehensive understanding of the behaviors in such systems, particularly with
regard to their prospective application sectors. The most trustworthy theoretical framework
for examining the chemical and physical properties of materials is density functional the-
ory (DFT)-based first-principles technique. (Hossain et al. 2021b; Hossain et al. 2021a;
Hossain et al. 2020; Rasheduzzaman et al. 2021). Energy gap modification and structural
features are conducted in order to clarify its electronic properties. Optical properties which
also changed due to increasing pressure. The red shifting properties of Sr;PX; (X=Cl,
Br) absorption spectra are investigated in relation to the changes in peak positions of the
dielectric maxima under various pressure levels. From our investigation, this compound’s
optoelectronic characteristics are changed in pressure conditions, for that these materials
are suitable for use in optoelectronic devices applications.

2 Computational details

The Sr;PX; (X=CIl, Br) compound was examined by ab initio computations, which were
carried out utilizing the Quantum ESPRESSO (QE) package’s Density Functional Theory
(DFT) method (Giannozzi et al. 2009). Self-consistent computations were conducted to
solve the Kohn—Sham equations (Kohn and Sham 1965) utilizing the Perdew-Burke-Ernz-
erhof (GGA-PBE) exchange-correlational functional in the Generalized Gradient Approx-
imation (Perdew et al. 1996) along the ultra-soft pseudo-potentials (Perdew et al. 1992;
Vanderbilt 1990). A plane-wave basis was set with a 40 (Ry) kinetic energy cut-off, 440
(Ry) charge density cut-off, and 1.0x 10~ 3 convergence threshold was used to attain con-
vergence. The lattice parameters used for the Sr;PCl; and Sr;PBr; structures were 6.05 A
and 6.23 A, respectively. To enhance the crystal structure and in order to get the lowest
energy state feasible, we applied the Broyden—Fletcher—Goldfarb—Shanno (BFGS) opti-
mization method. (Fischer and Almlof 2002) alongside a force convergence threshold of
1% 107 3. In addition, the lattice optimization was performed using the vc-relax method
with a k-point value of 8 Xx8x8. GGA-PBE approximations were used to do electronic
band structure computations. k-points dimension of 8 X 8 x 8 for self-consistent field (SCF)
calculations and 12X 12 X 12 for non-self-consistent field (NSCF) calculations are utilized.
First-order time-dependent perturbation theory was applied to analyze the optical proper-
ties of the material formations and assess their dynamic stability (Karsch et al. 1997; Lang-
hoff et al. 1972). For subsequent calculations, we applied the Tran-Blaha modified Becke-
Johnson (TB-mBJ) approximation (Tran and Blaha 2009) in WIEN2K code (Blaha et al.
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2020), which is specifically developed to enhance the accuracy of electronic band gap pre-
dictions, particularly for semiconductors and insulators. To achieve both charge and energy
convergence, we utilized a linearized augmented plane-wave basis set with [, =10 and
RyrKmax =7 (where K, represents the maximum K-value). After achieving dynamic sta-
bility, the intricate dielectric functions of Sr;PX; (X =Cl, Br) were calculated to study their
optical properties, which are affected by the photon energy. The optical properties obtained
by utilizing the complex dielectric function, were denoted as €(w) = €,(w) + ie,(®), which
consists of €,(w) (real part) and &,(w) (imaginary part). The THERMO-PW approach was
used to calculate the mechanical characteristics by assessing the elastic constant. The
ELATE tool (Gaillac et al. 2016) is used to plot 3D illustration of anisotropy.

3 Results and discussion
3.1 Structural properties

The Sr;PX; (X=CI, Br) compounds belong to the cubic space group Pm3m (#221) (Johns-
son and Lemmens 2005). Both compounds crystalize in a cubic structure, as demonstrated
in Fig. 1a and b. The unit cells of each compound consist of 7 atoms. The Sr, P, and Cl/
Br atoms are at in the following Wyckoft positions: Sr atom at (0.5, 0, 0), P atoms at (0
0, 0), and X (CI/Br) atoms at (0, 0.5, 0.5) (Zhao et al. 2018a). Table 1 covers the Lattice
constant (a,), Unit cell optimum volume (V,;), Bulk modulus (B), Pressure derivative of
bulk modulus (B/), Ground state energy (E)), and Bandgap (E,). The energy deviation was
determined by using the Murnaghan equation (Murnaghan 1944):

(VO)B/

BV| \Vv BV,
E(V)=E —_— 1]-

V) O(V)+B/ -1 Br—1

The energy levels found in the above Murnaghan equation with respect to different vol-
umes are illustrated in Fig. 2a and b. Both compounds are found to have negative ground
state energy, but Sr;PBr; has significantly lower ground state energy compared to Sr;PCl,

(a) (b)

Fig.1 2D and 3D crystal structure of cubic Sr;PX; (X =ClI, Br) unit cell
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Table 1 Sorted values of different optimized structural parameters and band gap for Sr;PX; (X=Cl and Br)

Optimized structural parameters Sr;PCl, Sr;PBr;
Present work Other work
(Ghosh et al.
2024 a)
Lattice constant, a, in A 6.05 6.21 6.61
Optimum volume, V, in A3 221.35 239.60 288.8
Bulk modulus, B in GPa 30.42 28.38 29.5
Pressure derivative of bulk modulus, B’ 2.56 4.33 —
Ground state energy, E, in Ry —318.63 —314.53 —278.33
Band Gap, E, in eV 1.70 969~ 1.55 964 1.528 964
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Fig.2 Volume optimization curves for Sr;PX; (X=ClI, Br)
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Fig.3 Optimized lattice constant and volume for Sr;PX; (X=CI, Br) as a function of pressure

indicating a more stable structure. The graphical representation of this effect is shown in
Fig. 3a and b. It also shows a lattice parameter of 6.05 A for Sr;PCl, and 6.21 A for Sr,Br;,
which aligns with the previous work by (Ghosh et al. 2024a) which was 6.61 A. A slight
difference is notable here, it could have been due to the use of HSE method in previous
research.
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Table 2 Calculated bond lengths
between atoms in Sr;PX; (X=Cl
and Br) at various hydrostatic Sr,PCl, Sr,PBr,
pressures

Pressure (GPa)  Bond length (A)

Sr-Cl  Sr-P P-Cl  Sr-Br Sr-P P-Br

0 3.025 3.025 4278 3.106 3.106 4.392
10 2.834 2.834 4.009 2899 2.899 4.101
20 2731 2731 3862 2793 2793 3951
30 2.658 2.658 3.759 2720 2720 3.847
1@ — SrPCl, 1o Sr,PBr,
§ ) >— T~ ] < A
2‘ af af- E
@
= -
8- "
‘Lx: 2 7 = 2F =
O K M T kX R M 3 R
High Symmetry Points High Symmetry Points

Fig.4 Phonon dispersion spectrum of Sr;PX; (X=ClI, Br)

As per Table 2, the volume of unit cells decreases with pressure which means the bond
lengths also decrease. This leads to the narrowing of bandgap and overlapping conditions
between atoms (Xiong et al. 2017). The band gap narrowing is expected to improve the
optoelectronic properties of materials for better performance in optoelectronic devices. It
was also noted that increased pressure resulted in a reduction in the volume of the unit cells
for various materials including cubic FrQCl; (Hosen et al. 2024a), trigonal and monoclinic
MgSiO; (Gao et al. 2020), cubic RbCaBr; (Hosen et al. 2024c¢), and high-entropy alloys
(Ahmad et al. 2017).

3.2 Phonon stability

Phonon dispersion analysis allows us to understand the vibrational properties of a mate-
rial, which in turn influence its thermal and electrical behavior. The dynamic stability of
Sr;PCl; and Sr3PBrj is assessed by constructing a 2X2 X2 supercell, enabling a detailed
analysis of the materials’ vibrational properties and structural stability. Using this larger
supercell allows us to capture a broader range of vibrational modes and atomic interac-
tions, leading to a more precise evaluation of the material’s dynamic behavior. Figure 4
show the phonon dispersion curves for Sr;PCly and Sr;PBr;. Both material’s phonon dis-
persion curves have no negative frequencies, confirming their dynamical stability (Jehan
et al. 2023; Khattak et al. 2023). With no imaginary frequencies in the Brillouin zone,
Sr;PCl; and Sr;PBr; remain stable despite minor perturbations, verifying their cubic struc-
tures. The dynamic stability of Sr;PBr; has also been confirmed in prior research through
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the analysis of phonon dispersion frequencies (Ghosh et al. 2024a). Comparing Sr;PCl,
and Sr;PBr; reveals similar phonon activity, with modest frequency shifts due to Cl and Br
atom’s mass differences, impacting material vibrations. Understanding the phonon behav-
ior of Sr;PCl; and Sr3PBrj; is crucial for understanding their vibrational spectra and ther-
mal and electrical characteristics.

3.3 Electronic properties

Investigating the electronic characteristics of Sr;PX; (X=ClI, Br) with applied pressure is
the key to understanding its future use. Employing Density Functional Theory (DFT) com-
putations via Quantum Espresso, we scrutinize its band configuration, bandgap, electron
charge density, density of states (Partial and total), and effective mass. These examinations
are important in understanding their electronic behavior and integrating them into the vari-
ous technologies. One of the characteristics of semiconductor materials is that adjusting
the band gap is possible to enable the manipulation of electron flow and is suitable for vari-
ous uses.

In this research, bandgap (E,) values for Sr;PX; (X=Cl, Br) were obtained using
both the GGA-PBE and TB-mBJ approximations, with TB-mBJ providing more accu-
rate results. Sr;PCl; exhibits a bandgap (E,) of 1.7 eV under zero pressure, which greatly
decreases to 0.22 eV under a pressure of 30 GPa, illustrated in Fig. 5. Similarly, Sr;PBr;
shows a reduction in bandgap (E,) from 1.55 eV without pressure to 0.21 eV at 30 GPa,
illustrated in Fig. 6. These values were obtained using GGA-PBE approximation. The
initial value matches with the previous research on Sr;PBr; by (Ghosh et al. 2024a) at
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Fig.5 Band structure of Sr;PCl; at various applied pressures with GGA-PBA approximation
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Fig.6 Band structure of Sr;PBr; at various applied pressures with GGA-PBA approximation

zero strain, which was 1.528 eV, which justified the accuracy of our work. Using TB-mBJ,
Sr;PCl; shows a bandgap of 2.73 eV at zero pressure, decreasing to 1.07 eV at 30 GPa,
while Sr;PBr; shows a reduction from 2.40 to 0.92 eV under the same conditions. The
corresponding band structures are illustrated in Figs. 7 and 8. The relation of band gap for
both compounds with applied pressure is illustrated in Fig. 9. This similar type of reduc-
tion of E, with applied pressure is found in similar types of single-halides. The pressure-
induced fluctuations in the bandgap (E,) of Sr;PCl; and Sr;PBr; make them well-suited
for pressure-sensing applications, where changes in the E, can serve as a reliable indicator
of pressure levels. Furthermore, the adjustable nature of the E, renders these substances
immensely appealing for optoelectronic gadgets, presenting prospects for crafting devices
with customized optical and electronic characteristics. Our findings align with previous
research, highlighting the consistent correlation between applied pressure and bandgap
reduction in semiconductor materials.

Density of states (DOS) sheds light on the material’s electronic and optical behavior
by providing essential insights into the elemental contributions and bonding properties.
Our research indicates that the halide elements (Br-4p and CI-3p), Strontium (4p), and
phosphorus (P-3p) play critical roles in influencing the electronic characteristics of the
material because of their high density near the Fermi level illustrated in Figs. 10 and
11 respectively. The presence of partially filled valence bands in the DOS around the
Fermi level indicates that halides with strontium and phosphorus orbitals are involved
in charge transport activities. The valance band’s primary source of contribution is P-3p
orbital, minor contributions from Sr-5s and Sr-4p orbitals and in the conduction band
major contribution comes from Sr-4p orbitals along with minor contributions from
other orbitals. The involvement of Strontium (Sr-4p and Sr-5s) orbitals in both valance
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Fig.7 Band structure of Sr;PCl; at various applied pressures with TB-mBJ approximation
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Fig.8 Band structure of Sr;PBr; at various applied pressures with TB-mBJ approximation
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Fig. 10 The partial density of states of Sr;PCl; at various pressures

and conduction bands plays a crucial role in the electronic arrangement. The peaks of
Sr-4p and P-3p shift towards the fermi level while pressure is applied due to the hybrid-
ization with CI-3p (Br-4p), supports the reduction of bandgap (E,). Total Density of
States (TDOS) gives a complete idea about the distribution of electronic states. In our
investigation (as depicted in Fig. 12), a decline was noted in TDOS for both compounds
when subjected to applied pressure. This decrease stems from the alteration in the E,
and structural compression induced by pressure which justifies the findings of PDOS.
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Fig. 12 The total density of states of Sr;PX; (X=ClI, Br) at different pressures

Grasping these variations yields noteworthy discoveries on the electronic properties and
features of the material, crucial for enhancing its efficacy across diverse applications.

The charge density describes the distribution of electronic charges within a given sys-
tem. It helps to provide an initial prediction on the most dominant type of bonding pre-
sent in the system. Electron charge density for both compounds at 0 GPa and 30 Gpa, is
illustrated in Fig. 13. From the electron charge density, we can observe the real potential
positions of the electrons. The right bar indicates the scale of the electron charge density,
blue for low and red for high. Both compounds were found to have spherical forms under
all pressures. This is an indication that the bond within the materials is highly likely to be
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Fig. 13 Electron charge density distribution for Sr;PX; at 0 and 30 GPa pressure

mostly ionic. However, a further analysis should be conducted, such as by using Bader
charge analysis (Pitriana et al. 2019), if one wants to investigate the degree of the charge
transfer between anions and cations in the materials. This is needed before a final conclu-
sion is drawn about the type of bond present in the materials. With increased pressure, the
density of electron charge did increase slightly, but not sufficiently to generate any hybridi-
zation or bonding.

Finally, effective mass was calculated to understand the charge carriers’ motion under
impact of pressure, depicted in Fig. 14 and Table 3. It helps to understand carrier mobility,
Band Structure Analysis and transport properties. Effective mass is calculated using this
equation (Zhao et al. 2018b),

azg(k)] -

*=h2
" [ k2

The effective mass was performed by taking the second derivative of the energy disper-
sion relation (E-k curve) with respect to momentum (k). The analyzed data showed an inverse
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Table 3 Calculated effective

masses of electron (m,) and Féi,sz;l re SrsPCls StsPBr3

hole (m,,), and ratio of effective m, my, D m, my, D

mass (D) of Sr;PX; (X=Cl and

Br) under various hydrostatic 0 0.56 0.61 0.91 0.54 0.64 0.84

pressure. The masses are 10 042 037 113 040 038 105

multiplications of rest mass of an ’ ’ ’ ’ ’ ’

electron my=9.11x 107! kg 20 0.35 0.25 1.37 0.33 0.27 1.22
30 0.29 0.20 1.45 0.27 0.22 1.27

relation for both m, and my, with pressure. As we know carrier mobility has an inverse rela-
tionship with effective mass. While applying pressure, the effective mass of the electrons and
holes was reduced, indicating high carrier mobility and charge carrier acceleration, which is
advantageous in electronic and optoelectronic applications.

3.4 Mechanical properties

Elastic constants are crucial in establishing the mechanical characteristics of materials, since
they dictate the response of a crystal to external forces (Husain et al. 2023a; Rahman et al.
2020). For cubic crystal materials, only three elastic constants are independent which are: C;,
Cy, and C,y (Husain et al. 2023b). These three independent elastic constants of a compound
are bound to follow a set of criteria if the compound is to be mechanically stable. These crite-
ria, also known as Born stability criteria (Born 1940), are:

C,>0C,,—-C;,>0,C;+2C;,> 0andCyy > 0

Sr;PX; follows all four of these criteria. The Cauchy pressure (Cp), crystal stiffness (C,)
and Kleinman parameters ({) can be found using the three elastic constants. The equations
from which they can be found are:

C=Cp—-Cy

Cll _CIZ
C= =7

@ Springer



1463 Page 14 of 28 S. Joifullah et al.

_Cy +8C,
T 7C,, +2C,,

Cauchy pressure gives an idea of a compound’s brittleness/ductility. Positive value
means that the compound is ductile (Feng and Cui 2014). We can come to the conclu-
sion whether Sr;PX; is ductile or brittle once we also overviewed the Poisson’s and Pugh’s
ratios. The ability of a compound to withstand shear deformation when shear stress is
applied in the [110] direction on the (110) plane is the crystal stiffness which increases
with pressure as shown in Table 4. The value of Kleinman parameter can be between 0 and
1. Values closer to O indicate an insignificant contribution to bond bending and the near 1
value indicates marginal contribution to bond stretching (Kleinman 1962). Pressure also
has an effect as per Table 4. Here, the values also show almost similar results for Sr;PBr;
as (Ghosh et al. 2024a) found.

Table 5 consists of the following mechanical properties alongside the effects of pressure
on them:

bulk modulus (B), shear modulus (G), Young’s modulus (Y), Pugh’s ratio (B/G), Pois-
son’s ratio(v), Machinability index (u,;), Hardness factor (H,). It is possible to estimate
Bulk Modulus and Shear Modulus using the Voigt-Reuss-Hill method, where the Voigt’s
and Reuss’s approximation of bulk moduli and then shear moduli are averaged (Gueddouh
et al. 2016; Kleinman 1962):

B, = -(C;; +2Cp,)

W —

1
By = By = §(CH+2C12)

B=%$V+BQ

Here, By, is the Voigt’s bulk modulus, By, is the Reuss’ bulk modulus and B is the Hill’s
bulk modulus or simply bulk modulus.

Table 4 Calculated values of independent elastic constants C; (GPa) where ij=11, 12 and 44, Cauchy Pres-
sure (Cp), Crystal stiffness parameter (C,) and Kleinman Factor (£) in Sr;PX; (X=Cl. and Br) perovskites
under various hydrostatic pressures

Pressure (GPa) Compound Ch Cp, Cyy G C ¢

0 Sr;PCly 76.31 7.47 16.24 - 8.76 34.42 0.247
Sr;PBry 70.75 7.20 14.17 -6.97 31.78 0.251
Sr3PBr; (Ghosh 69.99 9.26 14.65 - - -

et al. 2024a)

10 Sr;PCl, 173.41 16.58 13.69 2.89 78.41 0.245
Sr3PBr; 173.20 16.23 11.57 4.66 78.49 0.243

20 Sr;PCl, 259.43 24.65 9.32 15.33 117.39 0.244
Sr;PBry 259.64 24.00 7.66 16.34 117.82 0.242

30 Sr;PCl, 338.36 31.78 3.94 27.84 153.29 0.243
Sr;PBry 338.77 31.20 2.95 28.25 153.79 0.241
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Table 5 Calculated Bulk modulus (B), Young’s modulus (Y), Shear modulus (G), Pugh’s ratio (B/Gy), Pois-
son’s ratio (), machinability index (u,), hardness factor (H,), and Zener anisotropy (A) for Sr;PX; (X=Cl
and Br) under various pressure

Pressure (GPa) Compound B(GPa) Y (GPa) G (GPa) puy H, B/G v A

0 Sr;PCl, 30.42 53.27 22.05 1.87 538 138 0.208 047
Sr;PBry 28.38 48.01 19.71 200 447 144 0218 045
Sr;PBr; Ghosh  29.50  48.35 19.70 - - 1.50 - -

et al. (2024))

10 Sr;PCly 68.86 78.62 30.01 503 254 229 0310 0.17
Sr;PBry 68.55 73.80 27.94 593 191 245 0321 0.15

20 Sr;PCly 102.91 91.03 33.65 11.04 123 3.06 0.353 0.08
Sr;PBr; 102.55 86.90 31.98 13.39 0.88 321 0.359 0.07

30 Sr;PCly 13397  96.76 35.07 3401 034 3.82 0380 0.03
Sr;PBr; 133.72  94.21 34.07 4534 0.18 393 0.383 0.02

1
Gy = g(Cu‘ Cir +3Cy)

5C44(Cyy — Cyp)
4C4 +3(Cyy- Cpy)

G= %(Gv + GR)

Similarly, Gy, is the Voigt’s shear modulus, Gy, is the Reuss’ shear modulus and G is the
Hill’s shear modulus or simply shear modulus.

Bulk and shear moduli indicate resistance to fracture and ability to resist shear stress
respectively. It can be concluded from Table 5 that St;PCl; has higher fracture resistance and
plastically deforms better than Sr;PBr; as Sr;PCl; has high bulk modulus and shear modulus
(30.42 GPa and 22.05 GPa compared to 28.38 GPa and 19.71 GPa of Sr;PBr; at ambient pres-
sure). This comparison stays the same at higher pressure. Based on the bulk and shear modu-
lus values, Young’s modulus can be calculated. The correlation among shear modulus, bulk
modulus, and Young’s modulus is (Wang et al. 2015):

9BG
Y=—-"——
3B+ G

Young’s modulus of Sr;PCl; is higher than Sr;PBr; across all pressure points. At 0 GPa,
Young’s modulus of Sr;PCl; is 53.27 GPa and Sr;PBr; is 48.01 GPa which means Sr;PCl,
stiffer compared to Sr;PBr;.

Machinability indicates how easy it is for a material to be cut (machined). High machina-
bility also means less tool wear. Machinability can be measured by a machinability index ()
(Sun et al. 2005):

B

Hm = ~—
Cu
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Both compounds have low machinability. However, the machinability index grows rapidly
with increasing pressure. At 30 GPa pressure, the machinability index of Sr;PCl; becomes
34.01 and the machinability index of Sr;PBr; becomes 45.34. To note, increasing pres-
sure not only increases mechanical performance of these materials but also increases their
machinability.

Hardness can be used to understand a materials’ elastic and plastic properties. Hard materi-
als tend to be brittle in nature but also more wear resistant. Hardness can be measured from
following equation (Al-Fahdi et al. 2021):

H= 2(K2G)0.585 _

3,k =Yg

The hardness for Sr;PCl; was found to be 5.38 GPa and for Sr;PBr; it is 4.47 GPa. Sr;PCl,
was harder compared to Sr;PBr; at ambient pressure but increasing pressure reduces the hard-
ness rapidly for both compounds.

Poisson and Pugh’s ratio are two important parameters to determine a material’s brittle-
ness/ductility alongside Cauchy pressure. Poisson’s ratio can be determined by the following
equation:

_ (3B-20)
YZ26B + 6

Pugh’s ratio is a simple analogy of shear and bulk moduli (B/G). There is a critical
value of 0.26 for Poisson’s ratio and 1.75 for Pugh’s ratio (Al-Fahdi et al. 2021; Pugh 1954;
Vaitheeswaran et al. 2007). When the value exceeds the critical threshold, the material exhib-
its ductility, while falling below it results in brittleness (Ayaz et al. 2021; Khattak et al. 2022).
Poisson’s ratio and Pugh’s ratio Sr;PCl; and Sr3PBr; is illustrated in Fig. 15 with variation of
pressure. Both Sr;PCl; and Sr;PBr; compounds were found to be brittle in normal condition.
At 10 GPa pressure, they become ductile, and as the pressure rises, so does their ductility.
A similar transformation has also been observed in compounds like Sr3AsCls and Sr:SbCls
(Hosen 2024).

Zener anisotropy factor also known as Zener ratio is the quantitative value that determines
a material’s deviation from isotropy and is expressed as,

2C,
44
A=
C—Cp
0.4 T T T T T T 42F T T T T T ™
sa S1,PCI, @ 510, (b)
> 3sp ==SrPBr 1 © asf =50 i
g 9
= Ductile S i
£ 03k 1 € 28fDuctile 4
Z s
£ d
o d
P = L
£ 025F Ductile — Brittle border 9 2P el Ductile — Brittle border
& & el e
02k Brittle i L4 i 1
L L L ' L L I A A L L L
0 6 12 18 24 30 0 6 12 18 24 30
Pressure (GPa) Pressure (GPa)

Fig. 15 Calculated a Poisson’s ratio, b Pugh’s ratio for Sr;PX; (X=Cl, Br) at various applied pressures
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Zener ratio of 1 indicates a material being perfectly isotropic. While values farther from
1 determine anisotropy of varying magnitude, dependent on the deviation of the value
itself. As per Table 5, both of the materials are found to be anisotropic at ambient tem-
perature. Anisotropy increases rapidly when increasing pressure is applied. This can be
visualized with different 3D anisotropy graphs in Fig. 16. A shift from the spherical form
signifies anisotropy. Poisson’s ratio, Young’s modulus, and shear modulus are all found to
be anisotropic in 0 GPa and become extremely anisotropic in 30 GPa,

Debye temperature can describe various phenomena related to solid-state physics. It can
be determined by the following equation (Sun et al. 2005):

1
_h [3n (Nap\|®
vt 5 (50)]

Here, ®,, = Debye temperature, 7#="Planck’s constant, #=number of atoms in a unit
cell, kg = Boltzmann’s constant, p = density, N, =Avogadro’s number, M =molecular
weight, v,, (m/s) =average sound velocity.

Sr3PCls Sr3PBr3

0 GPa 30 GPa 0 GPa 30 GPa

(a) Young’s Modulus

(b) Shear Modulus

N / N _ /
- & ) %7 AN b1 N>
C%'d /\ ., O » N

(c) Poisson’s Ratio

Fig. 16 3D structure of Sr;PX; (X=ClI, Br) at 0 GPa and 30 GPa
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v,, can be determined by following set of equations: (where, v,(m/s) = shear sound
velocity and v;(m/s) = longitudinal sound velocity)

w2,
m 3\v3 3

3B+ 4G
nEY T

The sound velocities, Debye temperature and melting temperature are listened to
Table 6. At 0 GPa pressure, Debye temperature of Sr;PCl; is 282.07 K and Debye tempera-
ture of Sr;PBr; 234.29 K. This value rises for both compounds as pressure increases. Under
ambient pressure, the melting points of Sr;PCl; and Sr;PBrj are 1004.02 K and 971.13 K,
respectively. This suggests both compounds to withstand their structural integrity at high
temperatures,

3.5 Optical properties

Understanding a compound’s optical essentials in figuring out its possible applications in
photovoltaic and optoelectronic systems (Rasheduzzaman et al. 2021). Researchers have
developed an interest in lead-free, non-toxic, narrow band gap halides due to their remark-
able optical characteristics. Reducing the band gap can be achieved quickly and simply by
applying hydrostatic pressure (Hossain et al. 2021c; Islam et al. 2021a). To get the right
details regarding a material’s compatibility and boost device efficiency, optical function
research is essential. For that, the optical functions of refractive index, dielectric func-
tion, absorption, conduction, extinction coefficient, loss function, and reflectivity of under
induced pressures between 0 and 30 GPa for Sr;PX; (X=Cl, Br) are explored.

The dielectric function is a crucial optical property that regulates the rate of charge-car-
rier recombination (Liu et al. 2018). It presents an understandable image of how optoelec-
tronic devices function, that is employed to investigate how photons and electrons interact

Table 6 Calculated values of

) Pressure 0 GPa 10 GPa 20 GPa 30 GPa
shear sound velocity v,(m/s),
longitudinal sound velocity SLPCL, v, 271058 286890 287297 281639
v,(m/s), average sound velocity !
v,,(m/s), Debye temperature v 4464.63 5464.19 6020.50 6393.76
0,(K) and melting temperature Vi 2995.06 3208.47 3231.23 3179.30
T,, (K) for Sr;PX; (X=Cl, o, 282.07 322.44 337.04 340.70

Br) under various hydrostatic T, 100402  1577.85 208624 255274
pressures

St,PBr, v, 230013 248049 250055 248851

v 384557 482681  S347.15  5706.46

255427 277798  2824.86 281031

©, 23429 27293 28805 29432

T, 971.13 1576.63 2087.46 2555.15

m
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(Murnaghan 1937). Figure 17a and b shows a dielectric constant of Sr;PX; (X=Cl, Br)
which have two parts (Real and Imaginary). Dielectric constant of a material is calculated
by this equation,

Here, €,(w) represents real part and €,(w) represent imaginary parts respectively. It is
clearly apparent from the part of the dielectric functions that is consistent in between the pat-
terns in the spectra of the two materials. Moreover, both Sr;PCl; and Sr;PBr; structures exhibit
a higher peak in their dielectric constants, with the shift happening at lower photon energies
(redshift) as a result of the bandgap being lower as pressure rises. As a consequence of these
transformations, under 30 GPa of pressure, it is expected that the researched compounds will
capture visible light energy for photovoltaic conversion, as shown in Fig. 17a, which could
potentially enhance the efficiency of solar cells. Imaging systems, structural monitoring, and
applications that are sensitive to pressure would benefit greatly from this redshift (Hossain
et al. 2021c). The static dielectric function (Fig. 17a) of the studied materials at 30 GPa is
considerably higher than that at lower pressure. This implies that the two materials will exhibit
their best optoelectronic properties at 30 GPa as materials with larger static dielectric func-
tion generally possess better optoelectronic performance (Liu et al. 2018). This is because
materials with larger £,(0) values tend to possess a lower charge recombination (Hosen et al.
2024b), making them favorable for optoelectronic applications. As seen from Fig. 17a and b,
the two compounds’ dielectric functions’ maximum peaks for the real and imaginary portions
at 30 GPa are significantly higher in the visible region than those at lower hydrostatic pressure.
These results clearly imply that at 30 GPa, the two materials are predicted to possess the best
optical properties at visible energy region. In order to analyze optical transitions between the
valence and conduction bands, understanding the imaginary component of the dielectric func-
tion £,(w) is crucial. The material’s band gap and optical absorption are also connected to the

T T T - 6.0 T T T T
— 0 GPa(Sr,PCl) (a) 3 (b) |
'§ 9k —0 GPa[Sr_‘PBr_‘] - ~
~ 30 GPa(Sr,PCl,) % ast
W 30 GPa(Sr,PBr,) 8
£ 6f E S
S A £
51 _4 I: 3.0F
s Ao z
= 3F 1 s
2 | Eﬂ 1.5p
_ =] :
ofF S - E
A L i 1 i 1 i 1]
0 5 10 15 20 °
Photon Energy (eV) Photon Energy (eV)
-~ T T T 8 T T T T T T T
= © | ! @
< P
o 15F - 3 s -
S e |
X z
3 10f - . = 4F .
- =]
s i/ : | M
H E
= 5 s 2k [ -
2 @ Q
i L / L y/ 4
A 1 1 NP A 1 1
v 3 10 15 20 v 5 10 15 20
Photon Energy (eV) Photon Energy (eV)

Fig. 17 Measured a dielectric function (real part), b dielectric function (imaginary), ¢ absorption, d con-
ductivity for Sr;PX; (X=ClI, Br) at 0 GPa and 30 GPa
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&,(w). In the visible range, the applied pressure raises €, (w), analogous to optical absorption.
The peaks also transport a region with low photon energy (redshift), indicating that these com-
pounds are effective visible light absorbers under pressure.

One of the many optical properties used to evaluate the performance of solar cells is the
absorption coefficient (Islam et al. 2021b). The optical absorption coefficient (@) measures the
capacity to absorb light energy, which offers key insights into the effectiveness of solar energy
transformation (Islam et al. 2021a). Figure 17c shows the absorption coefficient of Sr;PX,
(X=Cl, Br) in different pressure levels between 0 and 20 eV energy levels. From the figures,
it is clear that the transfer of charges between VB and CB occurs at the band gap as an out-
come of the absorption of ultraviolet radiation at 0 GPa. The primary absorption shifts from
the electromagnetic spectrum’s ultraviolet to a visible range in response to pressure increase,
which is constant with a band gap variation that is pressure-dependent (Hossain et al. 2021c;
Islam et al. 2021a; Kholil and Bhuiyan 2021). This is an indication of this material’s better
absorptivity of light.

When light with energy exceeding the band gap hits a material, it can excite electrons
within the valence band to conduction band. Therefore, with more holes in the valence band
and electrons in the conduction band, the material’s conductivity increases. This can be calcu-
lated with the equation (Shah et al. 2023),

a(w)n(w)c

o(@) = 4z

The optical conductivity for Sr;PX; (X=ClI, Br) is illustrated in Fig. 17d, it shows a similar
property like other optical properties. Rarely any peaks were found in low-energy regions.
There is a distinguishing peak difference between Sr;PCl; and Sr;PBr;, where Sr;PBr; shows
more conductivity. Moreover, with applied pressure, the conductivity also increased for both
compounds with redshift. This further supports our initial proposal for utilizing this pressur-
ized application.

The energy of light reflected from the surface of the Sr;PX; can be used to determine its
surface nature (Roknuzzaman et al. 2017). Figure 18a displays reflectivity, R(w), which is cal-
culated from dielectric function and shown between the energies of 0 and 20 eV. Reflectivity,
R is calculated from this relation (Ayub et al. 2024; Mahmud et al. 2024),

=1 +R

R
@) (n+ 172 +k°

From the figures, we see that the visible range reflectivity (R) of Sr;PX; (X=ClI, Br)
increases significantly when pressure rises from 0 to 30 GPa. Plots of ,(w) demonstrate that
the highest reflectivity values correlate to the energy range where materials absorb the most.
The higher reflectivity value when stressed in high-energy zones suggests the material under
the study would be more efficient in preventing solar heating.

Figure 18b shows the extinction coefficient of Sr;PX; (X=Cl, Br) which is highly associ-
ated with the static part, €, (w) of dielectric function and expressed as (Mahmud et al. 2024;
Shah et al. 2023),

o=

3 {sf(w) + s%(a})}% —£,(w)

k(aw) 2
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Fig. 18 Measured a reflectivity, b extinction coefficient, ¢ refractive index and d loss function for Sr;PX;
(X=Cl, Br) at 0 GPa and 30 GPa

With increasing pressure extinction coefficient curve goes to the higher energy
regions (redshift). Raising extinction coefficient means raising the rate at which a sub-
stance absorbs or scatters light as it passes through. This can result in diminished light
transmission through the substance, causing objects to appear darker or less visible. In
practice, a larger extinction coefficient might reduce the visibility or transparency of
materials such as optics and environmental monitoring.

Figure 18c displays refractive index, n(w) of Sr;PX;. This equation gives the refrac-
tive index (n) (Ayub et al. 2024; Mahmud et al. 2024),

{\/ef(a)) + eg(a))} +£,(w)

2

n(w) =

From the figures it shows that, as pressure rises, n(0) also begins to ascend, which
suits both compounds for optoelectronic application. The refractive index is an impor-
tant metric for measuring the degree of light refraction, especially in photoelectric
applications. Photons are slowed by electron interactions while entering a substance,
resulting in a refractive index of n(w) is more than one. The more photons that are
slowed down as they pass through a substance, the higher its refractive index.

The electron loss function is the measure of the energy that electrons lose when mov-
ing through a dielectric substrate. When photons are produced that have greater energy
than the bandgap of the substance, energy is dissipated in Sr;PX; (X=Cl, Br), as shown
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by the peak in the plot of L(w) in Fig. 18d. The following formula is used to calculate
the electron loss function (Mahmud et al. 2024; Shah et al. 2023),

L) =7(5)

This figure shows that the energy range of 8 ~ 10 eV, where L(w) peaks regarding the
cubic structure of Sr;PX,. For optical photon spectra and infrared spectra, Since L(w)
peaks appear infrequently below 2 eV, Sr;PX; could serve as an efficient optical absorption
layer. The results show that a significant redshift is caused by increased pressure, indicating
an enhancement in optical loss and photon energy for all structures. When developing and
optimizing these materials for designated purpose, the loss function of Sr;PX; should be
carefully taken into account as it plays a significant influence on its overall performance.

4 Conclusion

Both compounds maintain mechanical stability across all pressures, as indicated by the
Born stability analysis. They also maintain dynamic stability, as evidenced by the positive
values in the phonon dispersion curves. The size of Sr;PCl; exceeds that of Sr;PBr; due to
the larger size of bromine. As pressure is applied, the volume, lattice parameter, and bond
length decrease for both compounds. As for electronic properties, both Sr;PCl; and Sr;PBr;
showed pretty much similar properties. The band gap measured at 30 GPa was 0.22 eV and
0.21 eV using GGA-PBE, while with TB-mB]J, it was 1.07 eV and 0.92 eV, respectively,
indicating a relatively low value at this pressure. The density of states revealed a decrease
in energy levels with pressure. Effective mass of m, and m,, also decreased with increased
pressure. No hybridization or overlapping were found from the electron charge density.
Bulk modulus, Young’s modulus, shear modulus, Poisson’s ratio, and Pugh’s ratio dem-
onstrate improvements for Sr;PCl; However, the machinability was found to be better for
Sr;PBr;. Increased pressure shifted the brittle nature of both compounds to ductile which
further increases with applied pressure. The Debye temperature and melting temperatures
justify their application in a harsh temperature environment. For optical properties, a red-
shift was observed as the spectral lines shifted towards the lower energy side. Absorption
increased with the rise in pressure, while reflection decreased in the visible range, indicat-
ing favorable characteristics for optoelectronic applications. In terms of the loss function,
there was no increase observed until a certain threshold. This research aligns with previous
research on Sr;PBr;, with the only notable difference being a slight variation in the lattice
parameter. The objective of reducing the band gap and improving optoelectronic and other
properties through induced pressure has been achieved successfully. Since this research is
simulation-based, there may be some irregularities and discrepancies compared to real-life
applications.
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