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ABSTRACT: Recently, lead halide perovskites have gained consid-
erable attention by dint of their predominant physiochemical features
and potential use in various applications with an improved power
conversion efficiency. Despite the incredible technological and research
breakthroughs in this field, most of those compounds present an
obstacle to future commercialization due to their instability and extreme
poisonousness. Because of this, it is preferable to replace lead with
alternative stable elements to produce eco-friendly perovskites with
equivalent optoelectronic qualities similar to lead-based perovskites.
However, Pb-free perovskite-based devices have relatively low power
conversion efficiency. Pressure might be considered an effective way for
modifying the physical characteristics of these materials to enhance their
performance and reveal structure−property correlations. The present
study has been done to investigate the structural, electronic, optical, elastic, mechanical, and thermodynamic properties of nontoxic
perovskite CsMgI3 under hydrostatic pressure by using density functional theory (DFT). At ambient pressure, the present findings
are in excellent agreement with the available experimental data. Pressure causes the Mg−I and Cs−I bonds to shorten and become
stronger. The absorption coefficient in the visible and ultraviolet (UV) zones grows up with the increase in pressure. Additionally, we
have observed low reflectivity, a high-intensity conductivity peak, and a dielectric constant in the visible region of the
electromagnetic spectrum. As pressure rises, the band gap keeps narrowing, facilitating an electron from the valence band to get
excited easily at the conduction band. Furthermore, we analyze the mechanical, elastic, and thermodynamic properties under
pressure, which suggests that this compound exhibit ductile behavior. The shrunk band gap and improved physical properties of
CsMgI3 under hydrostatic pressure suggest that this material may be used in solar cells (for photovoltaic applications) and
optoelectronic devices more frequently than at ambient pressure. In addition, this paper emphasizes the feasibility of hydrostatic
pressure in the systematic modification of the optoelectronic and mechanical characteristics of lead-free halide perovskites.

1. INTRODUCTION
Over the past few decades, halide perovskites have captured the
interest of researchers and experts worldwide. Perovskites are in
spotlight due to their use in various commercial and
technological applications, such as solar cells, lasers, X-ray
detectors, catalysts, field effect transistors, light-emitting diodes
(LEDs), photodetectors, and field effect transistors.1−8 These
materials possess exceptional physical characteristics, such as
tunable energy band gap, high absorption coefficient, low
reflectivity, broad absorption spectrum, high photoconductivity,
low exciton binding energy, strong charge carrier mobility, large
diffusion lifetimes, long electron−hole diffusion lengths, and
ferroelectricity.6−11 Perovskite-based technology is more
affordable and effective than silicon-based technology due to
its widespread existence in nature.9,12 Investigations of the
structural, optical, elastic, and electronic properties as well as an
appreciation of the system’s general characteristics are crucial for
predicting any device application and treasure.13−16 In recent
years, perovskite solar cell power conversion efficiency (PCE)
has increased significantly, going from 3.8% to over 25%.17 For

Pb-based perovskite (MAPbI3) solar cells, the highest recorded
PCE is 25.2%.18 However, these materials exhibit instability at
ambient conditions due to humidity, moisture, temperature, and
ultraviolet (UV) light.19 Another concern is the presence of lead
(Pb), which is poisonous and potentially hazardous to the
environment.20 Furthermore, Pb-containing perovskites
MAPbX3 (X = Cl, Br, and I) have low relative dielectric
constants. Since the rate of charge recombination decreases with
the increase in dielectric constant and improves the performance
of solar cells, which is the main barrier to the application of solar
cell devices.21 Because of this, it is critical to find Pb-free
perovskites for solar cells and optoelectronic devices. Therefore,
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a new form of ABX3 has emerged, where A, B, and C are the
monovalent cation, divalent cation, and halogen anion,
respectively.
Ge-based inorganic perovskites become a possible alternative

to Pb because of their better conductivity and absorption than
Pb-based perovskites. Previously it was also claimed that the best
Pb-free halide material is CsGeI3, though CsGeI3 shows brittle
behavior and CsSnBr3 exhibits ductile behavior.22,23 It is
generally known that high band gap values make halide
perovskites inappropriate for use in photovoltaic devices. The
likelihood of light absorption by perovskite materials increases
when the band gap is reduced. The band gap can be tuned in
several methods, including temperature-induced phase tran-
sitions,24,25 chemical alterations,26 metal doping, and hydro-
static pressure.27−30 Hydrostatic pressure is a simple, effective,
and eco-friendly technique for changing the band gap of
perovskite materials among the above techniques. As a result,
the pressure has a major impact on the optical and electrical
properties, which reveals promising qualities for photovoltaic
(PV) and optoelectronic applications. Hydrostatic pressure has
shown remarkable success in improving the physical character-
istics of halide perovskites.27−30 Usually, hydrostatic pressure
modifies the lattice parameters,31 displacement of cations and
anions,32,33 rotation of octahedral cages,34 phase transitions,35,36

etc. As pressure is applied to metal halides, the volume of the
unit cell and the lattice constants both drop.37,38 Recent studies
have demonstrated that hydrostatic pressure can decrease the
band gap in inorganic halide perovskites such as KCaCl3,

39

RbYbF3,
40 and CsGeI3,

41 leading to an increase in conductivity.

Moreover, the application of pressure can significantly improve
the optical properties of halide perovskites, thereby enhancing
their functionality in optoelectronic fields.
Here, we use DFT to investigate the pressure impact in metal

halide perovskites to boost the efficiency of solar cells and other
optoelectronic devices. The structural, mechanical, electronic,
elastic, optical, thermodynamic, and lattice dynamic character-
istics under various pressures are carefully studied using first-
principles computations. A distinct band structure nature,
appropriate change in absorption, conductivity, reflectivity in
the visible region, and elastic behaviors are all investigated
within the applied pressure range.

2. COMPUTATIONAL METHODS
Current simulations were run in the Cambridge Serial Total
Energy Package (CASTEP) program employing the plane wave
pseudopotential density functional theory (DFT).42 The
generalized gradient approximation (GGA) and Perdew−
Burke−Ernzerhof (PBE) functional for exchange-correlation
interactions were used in the geometrical optimizations to get
the stable form of the crystal.43 The Vanderbilt-type ultrasoft
pseudopotentials were used to investigate the electron−ion
interaction.44 The optimal configuration in the crystal structure
of the halide perovskite was achieved using the BFGS
(Broyden−Fletcher−Goldfarb−Shanno) optimization model
with a density mixing approach.45 The cutoff energy for the
plane wave of 520 eV and k-points for the sampling of the
Brillouin zone of 6 × 6 × 6 was applied in all cases. The
Monchorst−pack technique was used to choose the k-points

Figure 1.Crystal structure of (a) 2D and (b) 3D view of the Pb-free CsMgI3 halide perovskite. The cyan, blue, and purple balls represent Cs, Mg, and I
atoms, respectively.

Figure 2. Pressure-induced structural distortion of (a) lattice parameter, (b) cell volume, and (c) formation energy of the CsMgI3 halide perovskite.
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over the first Brillouin zone.46 In this study, spin polarization was
considered. The detailed convergence criteria are given in the
Supporting Information. Phonon dispersion, phonon density of
states, and lattice dynamic properties were calculated by using
density functional perturbation theory (DFPT), as implemented
in the CASTEP code.42

3. RESULTS AND DISCUSSION
3.1. Structural Properties. The all-inorganic metal halide

perovskite CsMgI3 has a hexagonal structure with the space
group P63/mmc and the structural parameters a = b = 8.414 Å
and c = 7.123 Å.47 The unit cell has 10 atoms, two Cs atoms at
the corner with 1a Wyckoff site and fractional coordinates
(0.3333, 0.6667, 0.75), twoMg atoms at the body center with 1b
Wyckoff site and fractional coordinates (0, 0, 0), and six I atoms
at the face center with 3c Wyckoff position and fractional values
(0.1618, 0.8382, 0.25).47 The optimized crystal structure of
CsMgI3 is shown in Figure 1. Table S1 lists the pressure-
dependent structural parameters of the CsMgI3 halide perov-
skite in the Supporting Information. The present findings reveal
that DFT simulations are credible because the simulated results
at 0 GPa are nearly the same as the existing experimental
results.47 According to Figure 2a,b, as the applied pressure
increases, the lattice constants and volume of the unit cell
decrease, indicating that the distance between atoms decreases.
This decrease in lattice properties under hydrostatic pressure
suggests that bond length has decreased, as seen in Table S1.
The calculated formation energy of CsMgI3 under pressure is
displayed in Figure 2c. Moreover, the computed formation
energy (Table S1) displays negative values under hydrostatic
pressure, confirming the thermodynamic stability of the studied
lead-free halide perovskite. Several halide perovskite AMX3
crystals have been fully characterized, and their ground-state
structural characteristics are displayed in Table S2. The
structural properties of CsMgI3 are remarkably similar to
those of the halide perovskite AMX3. Clearly, CsMgI3 is
structurally analogous to AMX3 systems that are magnetically
coupled.
3.2. Optical Properties.The optical properties of a material

provide essential information for the usage of optoelectronic
applications. Reflectivity, dielectric function, refractive index,
conductivity, absorption coefficient, and loss function are some
optical parameters that can be used to characterize how a
material reacts to incident electromagnetic radiation. The
dielectric function explains how a material behaves when
interacting with incoming radiation. It is referred to as the
dielectric constant when the photon energy is zero. The
dielectric constant greatly influences the rate of charge carrier
recombination and the optoelectronic devices’ general effective-
ness. As the rate of charge recombination decreases with an
increase in dielectric constant, optoelectronic device efficiency
increases.48 In the current investigation, we varied the
hydrostatic pressure to get the high dielectric constant that
enhances the performance or efficiency of the device. Figure
3a,c, respectively, illustrates the real and imaginary components
of the CsMgI3 dielectric function as a function of photon energy
at varying pressures. Lead-free halide CsMgI3 materials exhibit
identical ε1 low energy at hydrostatic pressure; this energy
increases in the infrared−visible area and decreases in the
ultraviolet region. Additionally, CsMgI3 shows negative ε1 at
energies between 7.5 and 11 eV. As can be seen in Figure 4a, the
material exhibits high reflectivity in that energy region. Due to
the decreased rate of charge recombination under 10 GPa

pressure, the ε1 (0) is noticeably raised, making the material
even more preferable for optoelectronic applications. At 0 GPa,
the visible and early ultraviolet region’s ε2 is higher, suggesting a
high level of absorption.49 But under high pressure, the ε2
spectrum moves to the low energy area. Integrated circuits is

Figure 3. Simulated (a, b) real part of the dielectric function, (c, d)
imaginary part of the dielectric function, and (e, f) absorption, all as a
function of the energy and wavelength of the lead-free halide perovskite
CsMgI3 at various hydrostatic pressures.

Figure 4. Simulated (a, b) reflectivity, (c, d) loss function, and (e, f) real
part of the refractive index, all as a function of the energy and
wavelength of the lead-free halide perovskite CsMgI3 at various
hydrostatic pressures.
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specifically proven by the higher ε1 and ε2 at low energy
combined with smaller ε1 and ε2 at high-energy areas.50 Figure
3b,d illustrates the wavelength-dependent dielectric function of
CsMgI3 so as to facilitate comprehension of its dielectric
function. As depicted in Figure 3b,d, superiority increases
significantly under pressure. Except for someminor fluctuations,
at high energies (over 18 eV), the imaginary part of the dielectric
function tends to become zero. In contrast, the real part of the
dielectric function reaches nearly one. Due to the low absorption
of high-energy photons, the materials become transparent.
Figure 3e shows the simulated optical absorption spectra of

the lead-free CsMgI3 perovskite at various hydrostatic pressures
based on photon energy. Between 2.5 and 30 eV, overall
absorption is seen. In the visible spectrum, the light absorption
significantly increased with rising pressure rather than ambient
pressure. As is well known, solar cells and other photovoltaic
applications significantly assist from the initial absorption peak.
As a result, we saw that the absorption first peak in the visible
zone grows as pressure rises, although the ambient pressure
appears later. This makes the pressure effect crucial for solar cells
and other optoelectronic devices since it increases absorption.
The largest peak, at roughly 10.0 eV, is most impacted by the
pressure effect. With increased pressure, it improved signifi-
cantly. At 16.5 eV, a further peak in the UV region is visible, but
the peaks in the high-energy range gradually diminish. The
wavelength-dependent absorption coefficient is depicted in
Figure 3f for a better understanding of the light absorption
characteristic of CsMgI3 in the visible region. As shown in Figure
3f, the applied pressure enhanced the absorption spectra in the
visible region relative to ambient pressure. Although absorption
rises with pressure, band gap lowering is crucial for the
applications of solar cells and optoelectronic devices.
The pressure-induced optical reflectivity, which is a crucial

factor for materials used in photovoltaic applications, is depicted

in Figure 4a. With the application of pressure throughout nearly
all energy regions, the material’s light reflectivity increases. The
low energy reflectivity becomes nearly constant at ambient
pressure up to 2 eV. It is interesting to note that the reflectivity is
at its highest when the real part of the dielectric function ε1(ω)
dips below zero. More precisely, as shown in Figure 4a,b, the
reflectance (with or without pressure) is low in the IR−visible
region (0−5 eV), which suggests that, if the halides are
employed in solar panels, they will allow sufficient visible spectra
for generating photocurrent, considerably improving solar panel
efficiency.51

The loss of energy as the initial electron travels through a
material is explicitly expressed by the loss function, which is a
crucial parameter.52 Figure 4c shows the simulated photon
energy-dependent loss function of the CsMgI3 compound. This
indicates that the most significant peak at atmospheric pressure
is situated at 19.1 eV. With the increase of pressure, the loss
function spectrum expanded, peaking at 21.5 eV at 10 GPa. Due
tomore absorption in that region at lower energies under various
hydrostatic pressures, the loss function of CsMgI3 was lowered.
However, the plasma frequency53 is the energy that corresponds
to the loss function’s most significant peak. If the frequency of
incoming light exceeds the plasma frequency, the samples
become transparent. When an electromagnetic wave travels
through a substance, its refractive index indicates the wave’s
phase velocity. The refractive index as a function of photon
energy of our lead-free under study compounds under various
hydrostatic pressures is shown in Figure 4e. The refractive index
is prominent (high) at low energy and exhibits a fluctuating
character at high energy. At 5.1 eV, the compound CsMgI3
exhibits the largest peak. The compound’s refractive index
increases dramatically at 0 eV when 10 GPa pressure is applied.
The refractive index drops at high energies because it is related
to the dielectric constant.54 This suggests that CsMgI3, rather

Figure 5. Simulated pressure-induced (a, b) band structures and (c, d) density of states of lead-free halide perovskite CsMgI3.
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than other materials, should be preferred for optical
components, including waveguides and photonic crystals.15

3.3. Electronic Properties. Analyzing a material’s band
structure (BS) and density of states (DOS) is crucial to
comprehend its electrical structure and adequately explaining its
optical functions. The energy band, the total and partial density
of states, and our findings regarding the pressure-induced
electronic characteristics of CsMgI3 are discussed here. Figure
5a,b shows the electronic band structures of the CsMgI3
perovskite under hydrostatic pressure. The Fermi level (EF),
marked by a red horizontal dashed line at the top of the valence
band, is marked by a fixed value of 0 eV.
Figure 5a,b shows that both the conduction band minimum

(CBM) and valence band maximum (VBM) is located at the G
point and do not overlap, indicating the direct band nature of the
material. The observed band gap of CsMgI3 at 0 GPa is 3.172 eV,
which agrees with the previous experimental finding (3.181
eV).47 According to Table S1, the band gap narrows as pressure
increases (0−10 GPa), which means that there is a greater
chance that an electron will jump from the valence band to the
conduction band. However, our findings anticipate that pressure
will enhance the physical performance of the CsMgI3 semi-
conductor.
The DOS plays an excellent role in understanding the

properties of materials. Therefore, we have investigated the
changes in the DOS of the CsMgI3 compound at different
pressures (0−10 GPa). Figure 5c,d shows the computed total
and partial densities of states of CsMgI3 at ambient and applied
pressures. The sharp peaks progressively shift toward the EF as
the pressure rises. The band gap under pressure, which also
showed up in the band structures at the G point, is described
concisely. To get a material’s atomic contribution for creating its
band structure, however, PDOS is essential. The valence band
close to the EF clearly originates mainly from the I-5s orbital,
with minor contributions from the Mg-3s and Cs-5p orbitals, as
seen in Figure 5c,d. Conversely, the conduction band arises from
the states I-5p, Cs-5p, Cs-6s, and Mg-3s. As external pressure
rises, the conduction bands shift closer to the EF, and the band
gap narrows, promoting the hybridization of Mg-3s and I-5p. In
addition, the Mg−I bond length reduction in response to
pressure (Table S1)may enhance the hybridization of theMg-3s
and I-5p orbitals in the conduction band, resulting in a reduction
in the CBM at theG point [Figure 5a,b]. Hence, the band gap of
CsMgI3 reduces from 3.172 to 2.677 eV. The band gap and
external pressure have an inverse relationship that increases the

probability that an electron will move from the valence band to
the conduction band, hence enhancing the conductive,
absorptive, and other optical properties of the compound and
improving potential advantages in optoelectronic applications.
3.4. Elastic Properties. The elastic constants Cij greatly

influence materials structural stability and mechanical proper-
ties. These constants link the dynamical and mechanical
behavior of crystals and reveal how much a material deforms
under stress and then regains its original shape after stress is
removed. The hexagonal system has five unique elastic
constants: C11, C12, C13, C33, and C44. These elastic constants
for the CsMgI3 hexagonal perovskite was calculated using the
finite strain theory,55 which is implemented in the CASTEP
module. Table S3 lists the calculated values of the elastic
constants Cij for the perovskite under various pressures. The
elasticity in length is expressed by the elastic constants C11 and
C33, and the elasticity in shape is connected to the additional
constants C12, C13, and C44. Except for C44, the four elastic
constants for the hexagonal CsMgI3 are observed to increase
with pressure. C11 and C33 change under pressure quickly, C12
and C13 change under pressure gradually, and C44 starts to
increase slightly under stress. Additionally, it can be observed
that, at a given pressure, the elastic constant C11 is consistently
smaller than its counterpart, C33, demonstrating that it is simpler
to compress in the [100] direction than the [001] direction. The
measured elastic constants of CsMgI3 at each investigated
pressure (Table S3) satisfy the criteria, confirming the
mechanical stability of CsMgI3.
As far as we are aware, neither experimental nor theoretical

data on the elastic constants (Cij) of CsMgI3 compounds under
pressure are available for comparison. Hence, we consider the
current findings as prediction research that is currently awaiting
experimental confirmation. Figure 6a illustrates the calculated
elastic constants of CsMgI3 as a function of pressure. It is evident
that the elastic constants C11, C12, C13, C33, and C44 almost rise
with the applied pressure.
3.5. Mechanical Properties.Amaterial’s bulk modulus (B)

assesses its resistance to volume deformation. The lower B value
suggests their flexibility and softness. A material’s resistance to
plastic deformation is indicated by its shear modulus (G). A
lower G value denotes less rigidity and lower resistance to shape
change in the material. The stiffness of materials is measured by
Young’s modulus (E), and the higher its value, the stiffer the
material. In Figure 6b, the modification of the elastic moduli for

Figure 6. Calculated (a) elastic constants and (b) elastic moduli as a function of pressure for CsMgI3.
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the material CsMgI3 with applied stress is graphically depicted.
We find that during stress, the values of B, G, and E rise.
Here, the bulk modulus rises gradually as the stress increases,

yet the shear and Young’s modulus variations are nearly identical
to those of the bulk modulus variations for the chosen
perovskite. According to these findings, the stiffness and shape
change resistance both rise nonlinearly with pressure, while the
volume change resistance rises (about) linearly. On the contrary,
when pressure is applied, the compounds show increased
resistance to fracture and plastic deformation and stiffness.
Figure 7a,b, respectively, depicts the pressure dependence of

the B/G, Poisson’s ratio and Cauchy pressures for the lead-free
material CsMgI3. We can assess the ductility and brittleness of
materials using these parameters. Pugh’s rule54 states that ductile
materials are distinguished from brittle ones by the critical value
of B/G, which is 1.75. More specifically, materials with a Pugh’s
ratio of more than 1.75 should behave ductility, while those with
a Pugh’s ratio lower than 1.75 are thought to be brittle.
Additionally, it is anticipated that ductile materials would have
better thin films.56

Figure 7a demonstrates that CsMgI3 is brittle at ambient
pressure but reveals that it is ductile under stress, i.e., the B/G
value rises with pressure and is always more than 1.75 under the
studied pressure range, with the only exception of ambient
pressure. These suggest that CsMgI3 turns out more ductile
under pressure. Since our considered perovskite is discovered to
be brittle, the computed findings of Pugh’s ratio imply that the
pressuredmaterial is suited for thin films. Poisson’s ratio can also
be used to explain how ductile and brittle materials separate
from one another. Poisson’s ratio for brittle materials is less than
0.26, and it is more than 0.26 for ductile materials, according to
Poisson’s rule.57 As seen in Figure 7a, the Poisson’s ratio
similarly rises with pressure and, with the exception of the
ambient pressure, is always more than 0.26 in the pressure range
under study. These also suggest that CsMgI3 becomes more
ductile under pressure. Our computed Poisson’s ratio results
agree with Pugh’s ratio, as shown in Figure 7a. The Cauchy
pressure for the particular case of hexagonal crystals is defined as
(C13 − C44) for the [100] plane and (C12 − C66) for the [001]
plane.50 By confirming negative and positive values, this
property distinguishes between two natures, such as brittle
and ductile. The estimated value for this investigation at ambient
pressure (Table S3) is consistent with its brittle character
(negative). But the findings of the pressure application (Table
S4) further support the ductile nature (positive). As a result, the

optoelectronic sector offers hope for our investigated perovskite
material. As can be seen from Figure 7a, pressure increases,
indicating that the investigated compounds become more
ductile. Interestingly, the B/G and v results match the data
from Cauchy pressures exactly (Table S4).
According to elastic constants, plasticity, strain, ductility,

strength, etc., hardness is a measure of the resistance to elastic
deformation, plastic deformation, or failure under external force.
Theoretically, eq S858 can be used to calculate the hardness (H)
of polycrystalline materials. According to Table S4, it is evident
that hardness roughly increases with pressure.
3.6. Thermodynamic Properties. Thermodynamic pa-

rameters are vital in understanding advanced solid-state physics
and thermodynamic chemistry.59 Namely, the Debye temper-
ature, ΘD is very closely related to many physical characteristics
of materials, including melting temperature, bond nature,
specific heat, thermal expansion, and elastic constants.60,61 It
shows the crystal’s response to vibration.We calculate theDebye
temperature of the CsMgI3 perovskite under pressure using
optimized crystal parameters. In this procedure, ΘD can be
computed directly by using the following equation62
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where h is Plank’s constant, k is Boltzmann’s constant, n denotes
the number of atoms per molecule, NA is the Avogadro number,
ρ is the density of the solid,M is the weight of the molecule, and
υm is the average sound velocity. The average sound velocity υm,
in the crystal can be computed by using the following relation63
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The transverse sound velocity υt and longitudinal sound velocity
υl can be calculated by using the below relation
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Table S5 shows the calculated values, υt, υl, and ΘD of the
CsMgI3 perovskite under various external pressures. All of the
computed Debye temperatures are not so high, which suggests
that we will find lower melting points. The pressure-dependent
behavior of ρ and ΘD for the compound is illustrated in Figure
S3a,b, respectively. It is evident that when pressure increases, the

Figure 7. Calculated (a) Pugh’s and Poisson’s ratios and (b) Cauchy pressures as a function of pressure for CsMgI3.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01388
ACS Omega 2023, 8, 24942−24951

24947

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01388/suppl_file/ao3c01388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01388/suppl_file/ao3c01388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01388/suppl_file/ao3c01388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01388/suppl_file/ao3c01388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01388/suppl_file/ao3c01388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01388/suppl_file/ao3c01388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01388/suppl_file/ao3c01388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01388/suppl_file/ao3c01388_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01388/suppl_file/ao3c01388_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01388?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01388?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01388?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01388?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


value of ρ rises. In themeantime, the polycrystal’s value of υl rises
as well, but υt decreases initially before rising with pressure. The

results indicate that the anisotropy of sound velocity for CsMgI3
is significant and rises with pressure. In Figure S3b, we observed

Figure 8. Calculated (a, b) phonon dispersion curves, (c) phonon density of states, and (d) free energy of CsMgI3 at various pressures. The zoomed
view show the detailed variations of free energy.

Figure 9.Temperature-dependent (a)T* entropy, (b) enthalpy, (c) heat capacity, and (d) Debye temperature of the CsMgI3 perovskite under various
pressures. The zoomed view show the detailed variations of T* entropy, enthalpy, and heat capacity.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01388
ACS Omega 2023, 8, 24942−24951

24948

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c01388/suppl_file/ao3c01388_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01388?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01388?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01388?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01388?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01388?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01388?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01388?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01388?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


that Debye temperature increased gradually with pressure,
indicating that the covalent bond length reduced and the
compound became harder. It is the usual behavior because
pressure strengthens the crystal increasing the Debye temper-
ature.
3.7. Lattice Dynamics. A material must have both

mechanical and dynamic stability to be stable. We have already
discussed mechanical stability in Section 3.4. To be dynamically
stable, a compound’s crystal lattice must not change to be
dynamically stable or soft phonon modes should not exist in the
phonon dispersion. There is an imaginary (negative) frequency
for soft phononmodes. So, a dynamically stable compoundmust
have positive frequencies for each phonon. Our investigated
phonon dispersion curves and phonon DOS of CsMgI3 at
various pressure are shown in Figure 8a−c. The phonon
dispersion curves have a negative frequency at the G point in
Figure 8a,b. Consequently, positive frequencies are found at the
A, H, K, M, and L points, revealing that they have stable nature.
Additionally, we explored the temperature-dependent ther-

modynamic stability of the CsMgI3 compound at various
pressure. In this case, phononmodes were employed to compute
the thermodynamic features, like free energy F, enthalpy H, and
entropy S at various temperatures from the compound’s
vibrational contribution according to the equations given in
the Supporting Information.
Figures 8c and 9a,b display the temperature-dependent free

energy, T* entropy, and enthalpy, respectively, of the CsMgI3
perovskite under various pressure. These graphs demonstrate
that when the temperature rises, entropy decreases but enthalpy
and free energy increase. The evaluated value for each scenario
supports the third law of thermodynamics, as the values of all of
the terms for the CsMgI3 perovskites approach zero as the
temperature approaches absolute zero. Figure 9c,d shows our
analyzed heat capacity and Debye temperature of the CsMgI3
perovskite that we investigated at various temperatures under
various pressures. As shown in Figure 9c, heat capacity
approaches the Dulong−Petit limit at high temperatures. We
predicted that our investigated sample would maintain phase
stability at a pressure of 10 GPa.

4. CONCLUSIONS
This paper presents the effects of pressure on the structure−
property relationship and change in the physical properties of
nontoxic metal halide perovskites CsMgI3 by using the DFT-
based first-principles investigation. The simulated structural
parameters match the existing studies at ambient pressure but
decrease with the rise in pressure. Under pressure, the ionic/
covalent bonds also become stronger. The band gap significantly
reduces at increased pressure, which improves the optical
properties (visible light absorption) and makes the compounds
more preferable for solar cell applications and other optoelec-
tronic devices. According to Pugh’s ratio, Cauchy pressure, and
Poisson’s ratio, this compound exhibits brittle nature at ambient
pressure, but it exhibits ductile nature under pressure and
becomes more ductile with increasing pressure. The direction-
dependent properties show that CsMgI3 exhibits anisotropic
nature, which is also improved by applying pressure. Addition-
ally, estimated elastic constants indicate that the substance is
mechanically stable. Moreover, the obtained anisotropy, sound
velocity, and Debye temperature for CsMgI3 rises with pressure.
The studied compound is mechanically and dynamically stable,
confirmed by the study of formation energy, elastic constants,
and phonon dispersion. The present inspection offers an atomic-

level knowledge of pressure-induced effects as a material design
approach to tune the structure−property correlations of
magnesium iodide perovskites.
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