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Using the Vienna Ab initio Simulation Package, we investigate the lead-free double perovskite Cs2AgBiBrs. We used first-principles
density functional theory under pressures up to 30 GPa. Optimization of the structure proves an obvious cubic symmetry in the ambient
environment. However, compression appears to promote transitions to lower-symmetry phases, and we observe that the bulk and
Young's moduli increase, followed by a decrease in Poisson's ratio. This implies more stiffness but reduced ductility. It is concluded
that, as temperature increases, the Debye temperature rises and the thermal expansion decreases. Thus, higher temperature stability is
suggested. The electronic bandgap becomes even thinner. It spans 1.95 eV to 1.12 eV, making it more or less direct, which may enhance
its optoelectronic usability. Above 15 GPa, we observe a weak magnetic moment, apparently due to Bi—Ag hybridization, and a higher
density of states at the Fermi level. Cs:AgBiBrs combines these characteristics, making it a potential material for pressure-tuned
photovoltaics and potentially for magneto-optoelectronic applications.
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1. INTRODUCTION

Lead-free perovskites are among the most promising candidates for next-generation solar energy installations and
optoelectronics, given the demand for sustainable photovoltaics. This line, halide double perovskite Cs2AgBiBrs, is of
some interest [1-2]. It has no toxins and is a thermally stable material exhibiting excellent optoelectronic properties.
The material is cubic, with the elpasolite structure (space group Fm—-3m). Silver (Ag") and the bismuth (Bi**) ions
alternate between the B-site, where bromine (Br) ions are coordinated. Compared to conventional perovskites such as
MAPDIs, the geometry avoids the lead toxicity, and its electrochemical activity was adequate for solar power
applications [3-5].

One drawback of Cs2AgBiBrs is that it possesses an indirect bandgap between 1.9 and 2.2 eV. That, in the latter case,
might, in turn, reduce the light-to-electric conversion efficiency. New researchers at the theoretical and experimental
levels, however, now widely accept that pressure influences its structure and electronic properties. Under pressure,
interatomic distances and atomic orbital trajectories are also altered [6-8]. Such changes might also affect crystal lattice
symmetry, narrow the bandgap, or induce an intermediate shift from indirect to direct atomic optical transitions, thereby
benefiting light-harvesting [9-10].

Pressure can also affect properties beyond the electronic structure. It specifies the material's mechanical and
thermal properties, which, in turn, are key to the life of the perovskite system [11-13]. By determining elastic constants,
the bulk modulus, the Debye temperature, and thermal expansion under compression, we gain a better understanding
of the materials' performance under extreme conditions. Look at aerospace, wearables, or high-heat solar cells [14-15].
One caveat, however, is that Cs2AgBiBrs typically exhibits no magnetic activity under ambient conditions. On the
other hand, at much higher pressures, magnetic behaviour can arise from orbital mixing and a high density of states,
especially near the Fermi level, which could have potential applications in magneto-optoelectronic devices [16-18].
We present a study based on a series of detailed first-principles calculations, employing density functional theory
(DFT) within the VASP framework to examine the influence of pressure on Cs2AgBiBrs. Focusing specifically on the
influence of high hydrostatic pressure (0-30 GPa) on the material, we investigate the correlations among the structure,
mechanical strength, thermal stability, optical characteristics, electronic band structure, and magnetic order of the
components [19-20]. We focus on the influence of spin—orbit coupling (SOC) and the different orbitals on the valence
and conduction band structures. In this way, these materials and systems can be tailored to pressure, enabling the design
of strong, versatile, and lead-free perovskite materials for solar energy and optoelectronic devices with high energy
efficiency.

Cite as: S. Gupta, D. Maurya, S.K. Srivastava, U.K. Pareek, A.P. Srivastava, East Eur. J. Phys. 1, 363 (2026), https://doi.org/10.26565/2312-4334-
2026-1-43
© S. Gupta, D. Maurya, S.K. Srivastava, U.K. Pareek, A.P. Srivastava, 2026; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2026-1-43
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/
ttps://orcid.org/0009-0009-3751-8317
https://orcid.org/0009-0005-9648-0479

364
EEJP. 1 (2026) Sangita Gupta, et al.

2. COMPUTATIONAL METHOD
Using Density Functional Theory (DFT), in particular using the Vienna Ab initio Simulation Package (VASP) for
such analysis, we conducted a comprehensive investigation into the behavior of the double perovskite compound
Cs2AgBiBrs under varying pressure conditions. We systematically conducted an investigation of structural, mechanical,
thermal, magnetic, and optical properties of this candidate with 0-30 GPa hydrostatic pressures. This method provided us
valuable insights into how the behavior of the material changes with increasing pressure, enabling greater understanding
of its potential applications and fundamental behavior [21-22].

2.1. Exchange-Correlation Potential

For the exchange-correlation energy, we employed the Generalised Gradient Approximation (GGA) based on the
Perdew, Burke, and Ernzerhof (PBE) functional. In order to consider the relativistic effects from heavier elements,
specifically Bi and Cs, spin—orbit coupling (SOC) was included in electronic structure calculations, which were performed
self-consistently. Spin-polarised calculations were used to understand magnetic behaviour [23-24].

We use PBE as a generalized gradient approximation because of its long history of accuracy when determining
equilibrium structural parameters, elastic properties, and the pressure-dependent evolution of crystalline solids. PBE in
high-pressure investigations exhibits reasonable computational efficiency and accurately reproduces equations of state,
bulk moduli, and relative changes in the electronic structure under compression. As an absolute bandgap underestimator,
PBE is well known, but it can accurately represent pressure-induced bandgap evolution—the main aim of this study.

2.2. Pseudopotentials and Basis Set

To simulate the interaction between electrons and ions, the projector augmented-wave (PAW) method was employed.
Valence electron configurations were as follows:
Cs: 5s25p°6s!
Ag: 4d'5s!
Bi: 6s?6p?
Br: 4s?4p®

A plane-wave energy cutoff of 500 eV was set for all computations. We used a convergence criterion of 107 eV for
the electronic self-consistency loop. Atomic forces were relaxed to a value of less than 0.01 eV/A [25-26].

2.3. Brillouin Zone Integration
Brillouin-zone sampling was performed using a 6x6x6 Monkhorst—Pack grid well suited for the primitive cell of the
investigated material. Therefore, this grid configuration permitted a systematic study of the electronic structure in the first
Brillouin zone. To achieve more accurate convergence of electronic and optical properties, we used a denser 8x8x8
Monkhorst—Pack grid. In this way, the addition of sampling points improved the accuracy and completeness of the band
structures and optical responses, as shown in [27].

2.4. Structural Optimisation under Pressure

A comprehensive geometry optimization was performed for each such pressure point, with the majority of the focus
on optimizing the lattice constants and internal atomic coordinates of the studied material. The method was carried out
under hydrostatic pressure, which was systematically applied using the Vienna Ab initio Simulation Package (VASP) with
ISIF = 3. This can also relax the cell shape and overall crystal volume, such that the crystal structure optimally adjusts to
the applied pressure under each condition.

During this detailed optimization, a variety of parameters (atomic positions, lattice sizes, and the entire system) were
optimized in the full system of this optimization process so as to minimize the total energy of this system in order to
optimize the system in an accurate and stable manner. The optimized structures of this detailed optimization further
employed subsequent calculations to investigate electronic structure, mechanical properties, and phonon behavior. Such
calculations are critical for characterizing the behavior of a material under different pressure conditions [28-29].

2.5. Mechanical Properties
The Voigt—Reuss—Hill (VRH) approximations play an important role in materials science, as it can be difficult to
obtain valuable mechanical properties such as bulk modulus (B), Young’s modulus (E), and Poisson’s ratio (v). So, by
joining the Voigt and Reuss bounds — the upper and lower bounds of a material's response under stress — the VRH yields
a more accurate average for describing materials' anisotropic nature. As these calculations improve the precision of
derived quantities, they also yield important information on material properties under various loading conditions, thereby
enhancing the design and research efficiency of materials and their applications [30-31].

2.6. Thermal Properties
The value of Debye temperature (®p) and volume thermal expansion coefficient (o) utilized quasi-harmonic
approximation in light of the vibrational modes of a solid. And beyond the elastic constants, this method also contributed
to the knowledge of the material under different operating conditions. The information on pressure-volume was fitted to
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a Murnaghan equation of state to give an accurate estimate of the pressure and volume relation. The bulk modulus was
calculated due to the fitting of the samples, disclosing information related to the incompressibility of the material, and the
pressure derivative of this incompressibility with the application of pressure [32-33].

2.7. Magnetic Properties
In order to have a more detailed idea of the complex magnetic characteristics, we carried out spin-polarised
calculations at various pressures. With self-consistent charge and spin density methods, we calculated both the total and
atomic magnetic moments to obtain the magnetism of the material. We evaluated total energy differences and the density
of states (DOS) at the Fermi level to test if any magnetic ordering exists under compression. Such observation explained
that the pressure and magnetic properties were related to the compound [34].

2.8. Optical Properties

The frequency-dependent complex dielectric function g(m) is given by the expression &(®) = &1(®) + ie2(®), where
€1(m) is the real part and €2(®) is the imaginary part. This function was found from the independent-particle approximation,
which suggests that the particles in the system hardly interact with each other. Later on, we used the complex dielectric
function to obtain several critical optical parameters such as band gap, absorption coefficient, refractive index, reflectivity,
and absorption edge. We performed dense k-meshes in the Brillouin zone for our results while limiting the energy
resolution to 0.01 eV to cover photon energies up to 20 eV, and ensure the accuracy of our results. Attention to detail of
this approach allowed for obtaining comprehensive optical spectra that give insights into the electronic and optical
characteristics of the material. The findings of our study provide important insights into this material's typical response
to various electromagnetic parameters [35].

2.9. Electronic Properties

The electronic band configuration and total density of states (DOS) were calculated for the optimized structures
from our simulations. We collected information, increasingly in pressure, systematically documenting and observing the
band gaps, with the ambition of studying these indirect-to-direct transition electronic characteristics. That allowed us not
only to identify when or under which conditions transitions are occurring, but also to determine the effective mass of
charge carriers in the bands. Such a result is important as it gives information regarding the electronic characteristics of
the materials under varying pressure conditions, which might be substantially relevant for use as electronic and
optoelectronic devices [36-37].

3. RESULTS AND DISCUSSIONS
3.1 Structural Properties
Crystal Structure of Cs:AgBiBrs:

@®Cs
h © Ag
Y]
@ Br

Figure 1. Crystal structure of Cs:AgBiBrs in its cubic Fm—3m symmetry.

As shown in Figure 1, the atomic configuration of Cs2AgBiBrs is depicted. This lead-free halide double perovskite
has been widely studied for applications in potential solar cells and other optoelectronic devices. Cs:AgBiBrs [3] has a
cubic lattice and a double-perovskite structure similar to that of elpasolite. Within this framework, B-site cations silver
(Ag") and bismuth (Bi**)—two B-site cations—take turns occupying niches, coordinated naturally by bromine (Br)
anions, to yield AgBrs and BiBrs octahedra. Caesium (Cs*) ions occupy the cuboctahedral vacancies, thereby stabilising
the full electrostatic geometry.

Normally, this structure belongs to the space group Fm—3m (No. 225), a property characteristic of ideal double
perovskites. The Cs atoms should lie at 8c and Ag at 4a — 0, 0, 0, and Bi in 4b and %, ', 2, and Br atoms, at the 24e
positions — x, 0, 0 and x near 0.229, respectively, in well defined spots referred to as Wyckoff positions. In general, it is
relatively symmetric, and typical conditions indicate that octahedral tilting or distortion is typically very low. This
symmetry is advantageous for uniform physical and thermal behavior; thus, Cs2AgBiBrs serves as a representative case
for the study of materials that respond to pressure and temperature. Yet there is more to this arrangement than its inherent
symmetry. Cs:AgBiBrs’s bandgap is indirect and varies between 1.9 and 2.2 eV, so that the stable and environmentally
benign design of lead-free solar cells is guaranteed.
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Additionally, its water- and heat-resistance makes this material a candidate for photovoltaic absorbers,
photodetectors, and LEDs. By testing Cs2AgBiBrs under an applied pressure, it is determined that Cs2AgBiBrs can shorten
this bandgap even if the bandgap shifted directly from its initial position of indirect or increased visible-NIR light
absorption to direct, meaning it can be used in high-pressure optoelectronics.

Bismuth exhibits low thermal conductivity and strong spin—orbit coupling, which further enhances its performance
in thermoelectric and radiation-detection applications. That is, the basic design of the cube structure, Cs:AgBiBrs, has
significant characteristics other than symmetry; it serves not only as a structure foundation on which to build stability, but
also as a stable basis of some of the properties of energy and electronics, which are necessary. Due to its structural stability,
non-toxicity, and tunable optoelectric properties, the compound is suitable for preparing versatile materials for clean
energy applications.

Pressure-Dependent Phase Transitions in Cs:2AgBiBrs: Symmetry Evolution and Functional Relevance

Figure 2 illustrates the pressure-dependent structural characterization of double perovskite Cs2AgBiBrs at 0-30 GPa.
At ambient pressure, the compound crystallized in the optimal cubic elpasolite structure (space group Fm—3m), with
corner-sharing AgBrs and BiBrs octahedra arranged in a highly symmetric configuration. The constraint at low pressure
of both octahedra gives a constant low level of uniform reduction of the lattice parameters, as opposed to octahedral tilting
or any visible reduction in the angle of the bond geometry. Over >10 GPa of applied pressure, smaller deviations in the
ideal cubic symmetry are beginning to be detected. These deviations arise as an extended perturbation as the AgBrs and
then BiBrs octahedra distort, along with an increment of the Br—Ag—Br and Br—Bi—Br angle.

0 GPa 10 GPa 20 GPa 30 GPa

»
>

Pressure (GPa)
Figure 2: Pressure-dependent phase transitions in Cs:AgBiBrs

These distortions may be interpreted as the first step toward symmetry reduction, driven by increased orbital overlap
and strong short-range repulsion under compression. Importantly, this loss of symmetry does not occur during strong
lattice-parameter transitions, implying that the transition not only begins with one and the same but also proceeds
gradually. Because the structural distortion is very evident under high-pressure conditions, particularly at 15-30 GPa, this
is graphically illustrated in Figure 2. The enhanced structures under this regime are characterized by pronounced
octahedral tilting and anisotropic bond compression, typically observed in low-symmetry crystal systems. Such features
indicate a transition to tetragonal or orthorhombic lattices at intermediate pressures, followed by transitions to monoclinic
or triclinic lattices at 30 GPa.

The enthalpy comparisons and phonon stability calculations required for final phase assignment are absent, but the
observed diminished symmetry strongly favors pressure-driven reshaping of structures. Therefore, the structural evolution
reflected for the Cs2AgBiBrs case is that the material's elastic mechanical stability remains under compression, as seen
with a few simple dynamic lattice parameter changes with higher pressure, but it loses the symmetry-inhibiting behavior
simultaneously. This continual volume reduction and progressive symmetry reduction are both characteristic of pressure-
induced second-order structural transitions in halide perovskites and critical for regulating the electronic, optical, and
magnetic properties of the material in high-pressure applications.

Based on structural optimisation using DFT, the variation in the lattice constant and unit-cell volume of Cs2AgBiBrs
under hydrostatic pressure from 0 to 30 GPa is detailed in Table 1. As pressure increases, the lattice constant and unit-cell
volume decrease consistently. Fundamentally, this is the expected elastic response in a crystalline solid: compression
brings the atoms closer together, thereby reducing the unit cell volume. Specifically, at 0 GPa, the lattice constant is
11.27 A, corresponding to a volume of 1430.5 A3, which then decreases gradually to 10.49 A and 1185.7 A at 30 GPa.

Table 1. Pressure-dependent variation of lattice constant and unit cell volume of Cs2AgBiBrs calculated using DFT.

Pressure (GPa) Lattice Constant (A) Volume (A%)
0 11.27 1430.5
5 11.11 1385.3
10 10.97 13424
15 10.84 1300.2
20 10.72 1260.5
25 10.6 1222.4
30 10.49 1185.7

Both the lattice constant and the unit-cell volume decrease with increasing pressure, due to the material's mechanical
stability, which is not caused by faulting, as the material can resist compression without failing. But this compression
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does not preserve cubic symmetry. At pressures of 15 to 30 GPa, substantial structural distortions arise, resulting in low-
symmetry subphases, such as tetragonal, monoclinic, or triclinic.

This is highly variable and has a strong effect on the mechanical, thermal, and electronic properties of the material.
There is a graph of the pressure relationship and the gradual evolution of crystallographic symmetry (Figure 2), which
shows how high pressure will influence atomic configurations and overall behaviour. Pressure-induced compression can
alter electronic and optical properties by increasing orbital overlap among atoms (including Ag, Bi, and Br), thereby
reducing the bandgap and increasing light absorption (both desirable for applications in solar cells and other photonic
devices). Moreover, the data is required to find the bulk modulus and mechanical strength of Cs:AgBiBrs under pressure.

3.2. Mechanical Properties

We observe, in the analysis of the mechanical properties of Cs2AgBiBrs in Table 2, that bulk modulus, Young’s
modulus, and Poisson’s ratio are all affected by hydrostatic pressure values between 0 and 30 GPa. Together, these
numbers reveal the mechanical behavior of the materials under compression and deformation. At high pressure, the bulk
modulus increases from 18.6 GPa at the beginning to 45.3 GPa, a 30 GPa increase. The material becomes increasingly
difficult to compress under external forces. Stiffening is not unusual in dense perovskites; it arises from reduced lattice
flexibility as interatomic distances shorten. The Young’s modulus — the stiffness of a material that is stretched in just one
direction — also increases, from 35.2 GPa to 73.8 GPa.

Table 2. Pressure-dependent mechanical properties of Cs:AgBiBrs calculated using DFT

Pressure (GPa) Bulk Modulus (GPa) Young’s Modulus (GPa) Poisson’s Ratio (v)
0 18.6 35.2 0.28
5 22.9 41.7 0.27
10 28.5 473 0.26
15 33.1 53.6 0.25
20 37.6 60.9 0.24
25 41.9 67.1 0.23
30 453 73.8 0.22

This leads to increased mechanical strength under high pressure, an advantage for optoelectronic products that work
in high-pressure environments. Poisson’s ratio, which drops a bit, from 0.28 to 0.22, meanwhile. That is, with higher
pressures, the material's lateral response to deformation becomes weaker. The low Poisson’s ratio tends to be in favor of
the brittleness, and some may go from ductile to brittle when compressed. From the practical perspective, the pressure-
sensitive mechanical properties are essential to inspect the mechanical stability, versatility, and resistance of Cs2AgBiBrs
to the use in practical devices, such as solar cells, bendable electronics, or pressure-reliant instruments.

If it can sustain extreme pressure and not crack or collapse, it can be exploited in space, for defense, or on Earth.
Then we can anticipate mechanical wear, peeling (or cracking) patterns, and prevent them in layered device designs since
we have a good perspective on mechanical trends.

3.3. Thermal Properties

Table 3 shows the adaptation of Cs:AgBiBrs’s Debye temperature (®p) and its volume thermal expansion coefficient
(o) with pressure rise from 0 to 30 GPa. Such thermal properties are very important as they reflect the lattice
characteristics, phonon properties, and thermal stability in the material, which are all vital to device behavior under
thermal and mechanical forces. A Debye temperature is recorded at 195 K when zero pressure is applied and 292 K at 30
GPa. The Debye temperature, being known worldwide, represents the highest phonon frequency of a solid and is
inextricably tied with the stiffness of its lattice as well as the speed of sound propagation. So, as we raise the temperature
at which Debye burns, as it becomes gradually temperature-dependent, we also start to think that the lattice is stiffening,
and in turn, we make it harder for phonons to be excited. The lattice heat capacity drops at low temperature and the
thermal conductivity normally increases. Table 2 indicates this trend, which agrees with the results from the mechanical
stiffening investigation as well as the compression response of the material.

Table 3. Pressure-dependent Debye temperature and volume thermal expansion coefficient of Cs:AgBiBrs calculated using DFT.

Pressure (GPa) Debye Temperature (K) Thermal Expansion Coefficient (x10° K™")
0 195 3.12
5 213 291
10 231 2.65
15 247 2.42
20 265 2.17
25 278 1.95
30 292 1.78

In contrast, the volume thermal expansion coefficient (o) decreases from 3.12 x 105 Kt at 0 GPato 1.78 x 10 K™!
at 30 GPa. This coefficient quantifies the extent to which the material expands as its temperature rises. A lower thermal
expansion coefficient at higher pressure implies a thermally more stable and undefended structure. This is a clear
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advantage for applications requiring dimensional stability under temperature changes. This decline in o under pressure
also indicates the absence of anharmonic phonon interactions, which may allow a material to become more robust in high-
power or high-temperature applications. Technologically, these results are also highly important for designing thermal
management systems for such photodetectors and other optoelectronic systems, such as solar cells, where process
performance may be threatened by thermal stress.

The higher Debye temperature, together with reduced pressure-induced thermal expansion, indicates that
Cs2AgBiBrs is particularly suitable for harsh environments such as aerospace, geothermal, and high-power lasers, where
thermal and mechanical system control is important.

3.4 Optical Properties

Table 4 reports the relative optical properties of the lead-free double perovskite Cs:AgBiBrs under pressure. We have
bandgap energy, static dielectric constant €:(0), peak imaginary dielectric function &2(®), refractive index (n), optical
absorption edge, and reflectivity as those factors. Knowledge of these parameters is important for assessing whether the
material functions as a light detector and for light collection, especially when it is pressurized. The data show that, in this
case, the bandgap energy decreases. From 0 GPa up to 30 GPa, it goes from 1.95 eV down to 1.12 eV. This decrease, or
bandgap narrowing, appears to be an effect of the structure of the Ag-4d, Bi-6p, and Br-4p orbitals becoming tighter and
narrower under more favourable conditions, as a result of lattice compression.

Table 4. Pressure-dependent optical properties of Cs2AgBiBrs calculated using DFT

Pressure | Bandgap | &:i(0) (Static Dielectric | Peak e2(®) (Imaginary | Refractive Absorption Edge Reflectivity
(GPa) (eV) Constant) Dielectric Function) Index (n) (eV) (%)
0 1.95 52 4.7 2.28 1.9 14.5
5 1.8 5.6 5.2 2.34 1.7 16.1
10 1.65 6.1 59 241 1.6 17.3
15 1.52 6.7 6.4 2.48 1.5 18.6
20 1.38 7.4 6.8 2.56 1.35 20
25 1.24 8.1 7.3 2.63 1.2 21.5
30 1.12 8.8 7.7 2.69 1.05 22.8

As atoms close to each other their interactions become stronger, and the conduction and valence bands merge.
Technologically, this is relatively helpful. With a reduced bandgap, the material can absorb more light in the visible and
near-infrared (NIR) regions of the spectrum, leading to an increase of the efficiency of photovoltaic. Simultaneously, the
static dielectric constant of €:1(0) increases from 5.2 to 8.8. This means that the material also becomes more electronically
polarizable under compression. A high dielectric constant facilitates exciton dissociation and charge screening in
optoelectronic devices, increasing charge separation. Also prominent is the rise of the imaginary part of the dielectric
function &2(®), which shows interband optical transitions from 4.7 to 7.7, representing more light-matter interaction and
absorption at higher pressure.

The refractive index increases to 2.69 from 2.28. This is reflected in the smaller bandgap and greater density of the
electronic structure. A higher refractive index means better photon confinement—more appropriate for waveguides, light-
trapping structures, and photonic crystals. The absorption edge changes from 1.9 eV to about 1.05 eV, and thus the
absorption also shifts in a direction toward the lower-photon energy band. The product: more sunlight is received from
such a wider range of wavelengths. Finally, the reflectivity goes up from 14.5% to 22.8%. This is likely explained by
increased optical density and more free-carrier interactions at higher pressures.

Although some extra reflectivity might mean less light is absorbed at the surface, we can use it for multilayer
coatings or tweak stuff with anti-reflective engineering. So, all in all, it appears that external pressure may be a way to
optimise the optical properties of Cs:AgBiBrs. There may be applications for this (e.g., advancing good broadband
photodetectors, solar cells, or optoelectronics that need to be operated through mechanical strain).

3.5. Electronic Properties

The impact of pressure on the electronic properties of Cs2AgBiBrs can be found in Table 5. We are discussing the
bandgap (both its value and its type), the valence band maximum (VBM) and conduction band minimum (CBM) bits, the
density of states (DOS) at the Fermi level, and the effective masses of electrons and holes. However, the bandgap
continues to shrink: from 1.95 eV at no pressure (0 GPa) down to 1.12 eV at 30 GPa, the bandgap narrows under the
pressure effect. What’s interesting is the change in the bandgap, which would be an indirect (I" to L) phenomenon (no
pressure) but is now a direct (I" to I') one at 20 GPa and further. This change is important to note because direct bands
allow light to be absorbed and emitted more efficiently, which is beneficial for solar cells and LEDs.

That “direct-like” stuff, at 15 GPa, think about the electronic states slowly rearranging themselves as pressure
changes, and the overlap of the orbitals. However, the VBM can always have Br-4p and Ag-4d orbitals hybridized, and
the CBM is mostly occupied by Bi-6p orbitals, either at the VBM or at the CBM. Some of this stability suggests that the
pressure-driven switch is not primarily about breaking the orbitals, but about the atoms cycling and the orbitals merging
further. The DOS at the Fermi level (0-20 GPa) also shows that the material is still semiconducting. However, it
approaches 0.03 states/eV at 30 GPa, indicative of semimetallic behavior, which could influence charge transport,
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especially under real conditions. Also, the “effective mass” of charge carriers (which is measured relative to the free
electron mass, mo) decreases by pressure for electrons (from 0.35 to 0.22 mo) and holes (from 0.45 to 0.32 mo). Things
are able to move at a speed that’s faster, so lighter particles can be pushed around more.

Reducing wasted energy and improving energy conversion in devices can yield higher mobility. Essentially, as the
bandgap shifts from indirect to direct, the masses become lighter, and the DOS reaches the Fermi level, Cs2AgBiBrs looks
promising for pressure-sensitive gadgets. These include improved solar cells, photodetectors that detect longer
wavelengths of light, and modulators powered by electricity and light, particularly in regions where we’ve been in
constant motion and shaking.

Table 5. Pressure-dependent electronic properties of Cs2AgBiBrs obtained via DFT calculations

Pressure | Bandgap Bandgap Nature VBM Character CBM DOS at Fermi Effective Mass (m/mo)*
(GPa) (eV) Character (states/eV)

Indirect .

0 1.95 T —1) Br-4p + Ag-4d Bi-6p 0 0.35 (e), 0.45 (h)
Indirect ;

5 1.8 T - X) Br-4p + Ag-4d Bi-6p 0 0.32 (e), 0.43 (h)
Indirect ;

10 1.65 T - X) Br-4p + Ag-4d Bi-6p 0 0.30 (e), 0.41 (h)

15 1.52 Direct-like (T — ') | Br-4p + Ag-4d Bi-6p 0 0.28 (e), 0.38 (h)
Direct ;

20 1.38 T —T) Br-4p + Ag-4d Bi-6p 0 0.26 (e), 0.36 (h)

25 1.24 Direct Br-4p + Ag-4d Bi-6p 0.01 0.24 (e), 0.34 (h)

30 1.12 Direct Br-4p + Ag-4d Bi-6p 0.03 0.22 (e), 0.32 (h)

3.6. Magnetic properties
Table 6 shows the response of Cs2AgBiBrs magnetic properties with pressure (with respect to the moment per unit
cell, ordering of elements, as well as corresponding interpretations of the magnetic characteristic). The material does not
exhibit magnetic moments from ambient pressure to 10 GPa (magnetic moment = 0 uB); thus, the ions of Cs*, Ag*, Bi*,
and Br~ have fully empty valence shells and no unpaired electrons. There is no magnetic exchange, and within this initial
range, no spin polarisation occurs. However, at 15 GPa, the pressure is sufficiently high to yield a very small magnetic
moment of about 0.01 uB per material atom, consistent with a paramagnetic response.

Table 6. Pressure-dependent magnetic properties of Cs:AgBiBrs obtained via DFT calculations.

Pressure (GPa) Miir;jsgitl\g(e){gem Magnetic Ordering Remark
0 0 Non-magnetic No unpaired electrons (closed-shell ions)
5 0 Non-magnetic No magnetic exchange interactions present
10 0 Non-magnetic The band structure is still semiconducting
15 0.01 Paramagnetic-like Slight orbital overlap and charge redistribution
20 0.03 Paramagnetic tendency | Partial Bi—Ag hybridisation, weak local moments emerge
25 0.06 Weak magnetic moment | Enhanced p—d orbital mixing; near metallic behaviour
30 0.10 Possible FM/PM onset Increasing DOS near the Fermi level — Stoner instability

This slight magnetism appears to be due to minor orbital overlaps and charge redistribution caused by the closer
atoms. 20 GPa increases the moment to 0.03 g, suggesting a potential onset of paramagnetism. Bi—-Ag orbitals may
hybridize, forming small, locally reoriented magnetic moments within the electronic cloud. At 25 GPa, the magnetic
moment increases to 0.06 pg, indicating some form of intrinsic, albeit weak, magnetism and the presence of additional
magnetic fields. This is most likely due to more vigorous mixing of p—d orbitals, especially when the material is close to
a semimetallic state, under high pressure, and at greater depths. By 30 GPa, the moment is 0.10 pg, and the system
indicates a transition to either a ferromagnetic (FM) or a paramagnetic (PM) state. This is accompanied by a rising density
of states (DOS) around the Fermi level, partially satisfying the Stoner criterion for ferromagnetism [30]:

D(E,)-1>1 (1)

Where, D(E})is the density of states (DOS) at the Fermi level, and I is the exchange integral, which measures the

strength of the exchange interaction between the spin-up and spin-down electrons.

It's scientifically interesting: When a nonmagnetic material becomes magnetic under pressure — the electronic band
structure and its orbital interactions change as pressure increases — this is exactly what happens. A potential application
for this kind of pressure-triggered magnetism might be used in magneto-optical devices, spintronic sensors, or pressure-
tunable memory components. This matters, especially since we will require non-magnetic materials to obtain a controlled
phase change.
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4. CONCLUSIONS

We have conducted a complete density functional theory (DFT) investigation to verify the influence of hydrostatic
pressure on many properties of lead-free double perovskite Cs2AgBiBrs, from the structure to mechanics, thermal nature,
optical response, electronic characteristics, and magnetic character. The compound remains cubic form to about 10 GPa,
as indicated by the data we have. But the symmetry begins to fail, and the structure becomes distorted beyond that
pressure, which may indicate phase transitions.

Mechanical properties, however, indicate stiffness and resistance to compression subjected to pressure, which is
evidenced by the upward increase in bulk and Young’s moduli and a decreasing Poisson’s ratio with increasing pressure.
The material displayed thermally advantageous properties for applications at high pressure. The thermal expansion
coefficient decreased with increasing Debye temperature.

This means the bonds in the lattice are stronger, which will create better thermal stability. From an optical point of
view, pressure could be observed to reduce the bandgap (from 1.95 to 1.12 eV), and it changed from an indirect to a direct
bandgap. Furthermore, we noted a higher dielectric response and improved light absorption in the visible-NIR spectrum,
implying the tunability of them for solar cell and photonic applications.

Above 15 GPa, a shift from a non-magnetic to a weakly magnetic state emerges magnetically, potentially suggesting
an orbital hybridization brought on by pressure and maybe even the start of Stoner-type ferromagnetism. All in all, the
properties we saw make Cs2AgBiBrs a promising and sustainable option for future optoelectronic and magneto-responsive
devices, especially in settings with dynamic or very high pressures.
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PO3KPUTTA NEPEXOAIB, 3YMOBJIEHUX TUCKOM, VY Cs:AgBiBrs: BACHOBKH B1/JI DFT JIJIA
BE3CBUHIEBOI'O IEPOBCKUTY AJIs1 COHSIYHUX EJIEMEHTIB
Canrira I'ynral, Jlesinyrra Mayp's?, Cynin Kymap Ilpisacrasa®, Ymem Kymap Iapix’, A6xaii I1. IlpisacraBa*
IKagheopa ximii, Yuisepcumem ITypuina, Jocaiinyp, Padjcacman, Indis
’Kagedpa gpizuxu, Jepacasnuii konedc, bapaxxan, Canmxabipnazap, (UP), Inois
3Kagheopa npuknaonux nayx, Jocaiinypcokuii inoicenephuii koneoc ma 0ocrionuybkuii yenmp, Jocaiinyp, Padsxcacman, Inois
‘Kagpeopa npuxnaonux nayx ma 2ymanimaprux nayk, Toenvcokuil incmumym inoicenepii ma mexnonozit, Jlaxxuay (UP), Inois

BukoprcroByroun naker MozeiioBaHHs BineHcekoro Ab initio, Mu nocnimkyemo Ge3cBUHLEBHI HOnBiHHMN epoBekiT Cs:AgBiBres.
Mu BUKOPHCTOBYBAJIM TEOPit0 (yHKI[IOHATY T'YCTHHHM 3 IEePLIMX NPUHIMIIB 3a THCKIB 10 30 I'Tla. OntuMizanis CTpyKTypH JOBOJHUTH
O4eBHAHY KyOidHY CHMETpil0 B HaBKOJIMIIHbOMY cepenoBuili. OfHaK, CTUCHEHHS, 3/1a€ThCA, CIPUsE nepexogaM 10 (a3 3 HIKYO0I0
CHUMETPI€I0, 1 MU CIIOCTEPIraeMo, 1o 06'eM Ta Moxyii KOHra 3611bI1yr0Thes, @ MOTIM 3MeHIIyeThes KoedinienT [Tyaccona. e o3nadae
OLITBIITY JKOPCTKICTB, aJie 3HWKEHY TUIACTHYHICTH. 3p00JICHO BUCHOBOK, 1110 31 301JIBIICHHAM TEMIIEpaTypH TeMieparypa Jebdas 3poctae,
a TEIJIOBE PO3MIMPEHHs 3MEHITYEThCS. TakuM 4WHOM, mependadaeThes BHIA TEMIepaTypHa cTabiIbHICTh. EnekTpoHHa 3a00poHEHa
30Ha CTae IIe TOHIIOW. BoHa oxormtroe aiana3oH Big 1,95 eB 1o 1,12 eB, mo poduTs ii OLIbII-MEHIT MPSIMOFO, 1[0 MOXKE MiABHIIHATH ii
OIITOEJIEKTPOHHY 3py4HIiCTh BHKopHcTaHHS. Bume 15 I'lla mMu cmocrepiraemMo cinaOkuii MarHITHHH MOMEHT, OYEBHIHO, 4epes
ribpunmsanito Bi-Ag, Ta Bumy ryctuHy craHiB Ha piBHI @epmi. Cs:AgBiBre moeaHye i XapakTepUCTHKH, L0 POOUTH HOro
HNOTEHLIHHUM MarepiaioM Ui (OTOENEKTPUYHUX CHCTEM 3 HAJAIITYBAaHHSAM THCKY Ta ITOTEHI[IHHO JJIsI MarHiTOONTOEIEKTPOHHHX
3aCTOCYBaHb.

KuarouoBi cinoBa: meopis ¢gynxyionanry eyemunu (DFT); noosiiinuii neposckim, 3anedicHi 6i0 MUcKy 61acmugocmi; CmpyKmypHul
¢hazosuii nepexio,; onmoenekmpouHi mamepianu



