¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

A DFT study to evaluate the modulation in the
band gap, elastic, and optical performances of
RbCdF; under the influence of stress

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 5959

M. Sana Ullah Sahar,® S. M. Junaid Zaidi,° Hammad Khalid® and M. ljaz Khan () *©

The effects of stress on the structural, mechanical, and optical properties of cubic rubidium cadmium
fluoride (RbCdF3) have been examined using computational methods based on density functional theory
(DFT). Different levels of stress (0, 30, 60, and 86 GPa) were applied to analyze how these conditions
influence the material's characteristics. Significant reductions in lattice parameters were observed, with
the values decreasing from 4.5340 A to 3.8516 A, and the volume decreased by approximately 39%. An
increase in the band gap of about 12% was noted, rising from 3.128 eV to 3.533 eV. Notable changes in
optical properties, including reflectivity and absorption, were also recorded under stress, highlighting the
material's potential for use in optoelectronic applications. The mechanical analysis revealed that RbCdFs
exhibits both brittle and ductile behavior, suggesting a complex response to applied stress. The Pugh
ratio indicated a degree of ductility, while the Cauchy pressure suggested a tendency toward ductile
behavior. These findings imply that RbCdFs maintains structural stability under varying stress levels,
providing valuable insights into how stress affects its properties. This understanding could inform future
applications in electronic and optoelectronic devices, particularly in environments where stress may be a
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1. Introduction

Cubic perovskites have recently emerged as highly efficient
materials for converting solar energy into usable power, captur-
ing the interest of researchers and industries alike.'™ Their
unique properties, such as ionic conductivity, superconduc-
tivity,* large magnetoresistance, and wide range of dielectric
values,”” make perovskite-structured compounds particularly
appealing for applications in microelectronics and telecommu-
nications. The general formula for perovskites is ABX;, where
“X” represents an anion (either oxygen or a halogen), while “A”
and “B” denote cations.® Recent years have seen a surge in
interest surrounding these compounds, primarily due to their
remarkable physicochemical characteristics.” Notably, when
fluorine occupies the X position in ABF;-type compounds, they
are classified as fluoro perovskite compounds.'® The arrange-
ment of atoms in these structures is distinctive: “A” atoms are
positioned at the corners (0, 0, 0), “F” atoms occupy the face-
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centered positions (FCC) at (0.5, 0, 0.5), and B atoms are located
at the body-centered (BCC) coordinates (0.5, 0.5, 0.5)."'7**
The special properties of ternary fluorides (ABF;), including
their optical performance,'>'® elevated temperature super-
ionic conductivity,’” semi-conductivity, ferroelectricity,'® and
antiferromagnetism,'® hold promise for various technological
applications.

Previous studies have investigated the optical and thermal
properties of fluoro perovskites, as well as their potential
applications in clinical diagnostics.>>*' These materials stand
out among inorganic compounds due to several key character-
istics, including a relatively large band gap energy, low hygro-
scopicity, superior thermal and mechanical stability,** and
exceptional clarity extending into the near-infrared range.*?
These attributes make them valuable candidates for use as
lenses in laser lithography.** Furthermore, fluoro perovskite
materials have been reported to have applications in radio-
therapy dosimetry.>*® Fekhra et al.>’ compared the structural,
electrical, elastic, and optical properties of halide perovskites
SiAuF; and SiCuF; using density functional theory (DFT). They
found that SiAuF; exhibited improved reflectivity at low ener-
gies, while SiCuF; demonstrated a better refractive index and
enhanced mechanical stability. Both materials displayed strong
absorption characteristics, indicating their potential for opto-
electronic applications.
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Among the fluoro perovskite group, rubidium lead fluoride
(RbPbF;) stands out due to its cubic crystal structure and
potential applications in the lithography industry. It is classi-
fied under the space group Pm3m.*® While experimental
research on RPF has yielded promising results, the theoretical
understanding of its optical and electronic properties remains
limited. Notably, temperature-dependent morphological phase
changes have been observed experimentally.*® Several research-
ers have utilized the generalized gradient approximation (GGA)
technique to investigate the electronic bandgap of RPF. For
example, Fakiha et al.® simulated RPF using GGA, identifying
semiconducting behavior for both doped and undoped var-
iants, as well as variations in lattice constants. They also noted
an increase in loss function and refractive index, alongside
changes in elastic and mechanical properties. Similarly, Iqra
et al®' performed calculations using GGA-PBE with the
CASTEP code, analyzing the effects of pressure and reporting
a lattice constant of 4.59 A, a bulk modulus of 63.7821, and an
energy bandgap of 2.863 eV at 0 GPa, alongside a decrease in
refractive index from 2.6 to 1.72 under pressure.

Further investigations by Murtaza et al.>” revealed a lattice
constant of a = 4.459 A, a bulk modulus of B = 62.37 GPa, and
elastic constants C;; = 122.46, Cy, = 32.32, and Cy4 = 19.90. By
applying the Becke Johnson potential (TB-mB]J), they addressed
the electronic properties of RPF. Abderrahmane et al.** also
applied the GGA-PBE approximation, finding a lattice para-
meter of @ = 4.500 A and a bulk modulus of B = 53.36 GPa, with
the band gap calculated using the WC-GGA method. Their
calculated values were in good agreement with experimental
data.** Additionally, the electronic, mechanical, and thermo-
electric properties of alkaline perovskites ACdF; (where A = K,
Rb, Cs) were examined using the FP-LAPW technique from the
perspective of DFT, revealing an indirect bandgap and an
increase in bulk modulus with pressure. Despite the existing
literature on pure RPF, there remains a significant gap regard-
ing the effects of applied stress on its properties. This study
aims to address this gap by comparing stressed and unstressed
compounds to observe how various properties, including elec-
tronic, structural, optical, elastic, mechanical, and thermody-
namic characteristics, are affected. Utilizing density functional
theory (DFT), we have investigated the density of states (DOS),
absorption, dielectric constant, reflectivity, energy loss func-
tion, refractive index, and more, through the generalized gra-
dient approximation and Perdew-Burke-Ernzerhof (GGA-PBE)
exchange-correlation method. To discern the distinctions in
RPF, we examined the influence of stress (ranging from 0 to 86
GPa) using the CASTEP code. This research has explored the
deviations in lattice parameters, physical stability, and aniso-
tropic properties of pure compounds under the influence of
stress.

The primary objective of this study is to investigate the
influence of applied stress on the structural, electronic, optical,
and mechanical properties of cubic rubidium cadmium fluor-
ide (RbCdF;) using density functional theory (DFT). Specifi-
cally, the research assesses the modulation of the band gap,
elastic properties, and optical performance of RbCdF; under
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varying stress conditions (0, 30, 60, and 86 GPa). A critical
aspect is to determine whether the material retains its cubic
structure and stability as stress increases, and to analyse the
implications for potential applications. While previous studies
may have examined individual properties of RbCdF; or related
materials, this work provides a comprehensive analysis across
multiple property domains under systematically varied stress.
Notably, the findings reveal a dual mechanical response, exhi-
biting both brittle and ductile characteristics, which offers new
insights into the material’s suitability for various applications.
This multifaceted approach enhances the understanding of
RbCdF; and establishes a foundation for future research into
analogous materials, thereby distinguishing this study within
the field.

2. Computational details

The Material Studio suite was used in this study to calculate the
structural, electronic, optical, and mechanical properties of
RbCdF;. The plane wave pseudopotential approach, grounded
in density functional theory (DFT) principles,®>>® was imple-
mented using the Cambridge Serial Total Energy Package
(CASTEP) code. The generalised gradient approximation for-
mulated by Perdew, Burke, and Ernzerhof (GGA-PBE) was
adopted to approximate the exchange-correlation energy of
the many-electron system.>*® As illustrated in Fig. 1(a), the
computational model applies the GGA method to a cubic
RDbCdAF; structure with space group Pm3m, subjected to external
stress values of 0, 30, 60, and 86 GPa, usinga 1 x 1 x 1 unit cell.
Plane wave basis sets were employed, with an 8 x 8 x 8
Monkhorst-Pack grid used for Brillouin zone integration. Elec-
tron-ion interactions were described using ultrasoft pseudopo-
tentials, with a cutoff energy of 260 eV. The convergence
criterion for total energy was set at 1 x 10> eV. Fig. 1(b)
demonstrates the variation in lattice parameters and unit cell
volume under increasing stress. The results indicate that both
parameters decrease as external stress rises, with the lattice
parameter decreasing from 4.5340 A to 3.8516 A up to 86 GPa.
The Kohn-Sham equations*' were employed to solve the elec-
tronic structure. Fig. 1(c) shows the effect of stress on the band
gap. Notably, the calculated band gap and lattice parameter
values are in excellent agreement with previous studies, as
presented in Table 1.

3. Electronic properties

The complete symmetrical bars of the Brillouin zone at 0 GPa
were used to analyse the electronic band structure of cubic
RbCdF;, as shown in Fig. 2(a)-(d). The electronic and optical
properties were investigated based on the crystallographic
parameters of RbCdF;. Band gap calculations were conducted
using the exchange-correlation functional within the PBE
framework. In general, two types of band gaps are observed:
direct and indirect. A direct band gap occurs when the valence
band maximum and conduction band minimum are located at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Lattice parameters and bandgap comparison

RbCdF; at 0 GPa Lattice parameter (A) Band gap (eV)

Present work 4.5340 3.128
Theoretical 4.59,%" 4.459,%% 4.500,*3 2.863,%! 3.07,%*

4.503% 3.223%
Experimental Ref. 42, 4.399%

the same k-point, whereas an indirect band gap arises when
they occur at different k-points. For RbCdF; at 0 GPa, the
calculated energy band gap is 3.128 eV. As the applied stress
increases, the band gap widens, reaching approximately

Eg=3.128 eV

Energy (eV)

Energy (eV)

G F Q z G
Fig. 2 Band structure of RbCdFs at (a) 0 GPa, (b) 30 GPa, (c) 60 GPa, and (d) 86 GPa.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) RbCdFs unit cell, (b) lattice parameters “a” and cell volume "V plotted with stress, and (c) bandgap vs. stress.

3.533 eV at 86 GPa, representing an increase of about 12%, as
depicted in Fig. 1(c). This trend suggests a near-linear relation-
ship between applied stress and band gap expansion, with the
cubic structure remaining stable up to 86 GPa. The observed
increase in the band gap under stress is likely due to complex
interactions, such as reduced orbital overlap and variations in
bond length. A detailed examination of the density of states and
charge density distributions would provide further insights into
the mechanisms responsible for this behaviour. Including such
analyses in the manuscript would enrich its scientific depth
and offer a more comprehensive interpretation of the results.

Ey = 3.407 eV

-10
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4. Optical properties

The optical properties of RbCdF;, including its absorption
coefficient, real and imaginary parts of the optical conductivity,
real and imaginary components of the dielectric function,
energy loss function, reflectivity, and real and imaginary refrac-
tive indices, were evaluated to explore the interaction between
light and the material. Eqn (1)-(8) were used to estimate optical
properties.****> Fig. 3(a)-(f) illustrates the measurement of
various optical properties at 0, 30, 60, and 86 GPa.
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where n(w), f(w), K(o), L(w), and &(w), &(w) and ¢ (w) are the
reflective index, the reflectivity coefficient, the degree of
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Fig. 3 Optical properties of RbCdF3 (a) absorption, (b) conductivity, (c) dielectric function, (d) loss function, (e) reflectivity, and (f) refractive index.
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extinction factor, the amount of energy loss function, the
function of the dielectric, and the real part, and the imaginary
part of the dielectric.

Fig. 3(a) presents the absorption spectra of RbCdF; under
various applied stress levels. The material exhibits substantial
absorption in the ultraviolet region. The threshold energy,
which denotes the minimum photon energy that the material
can effectively absorb, increases with applied stress, resulting
in a shift of the absorption edge towards higher energies. At
0 GPa, the absorption edge is approximately 5 eV. Such features
in the optical spectra may indicate higher-order interband
transitions or contributions from excitonic effects, which are
not fully accounted for in conventional DFT calculations. As the
applied stress increases from 0 to 86 GPa, the absorption peaks
become sharper and shift towards higher energies, demonstrat-
ing a clear blue shift. Notably, at 86 GPa, the spectrum exhibits
its maximum absorption peak at around 23 eV. The position of
the absorption edge correlates with the band gap energy, as the
absorption onset occurs at wavelengths corresponding to the
band gap. According to Fig. 2(c), the calculated band gap of
RDbCdF; is indirect, which typically results in a less pronounced
or more gradual absorption edge, as evident in Fig. 3(a).
Although the fundamental band gap is approximately
3.128 eV at 0 GPa, the absorption spectra indicate significant
absorption of photons with energies up to about 19-23 eV,
likely due to higher-order transitions.

Fig. 3(b) illustrates the variation in optical conductivity of
RbCdF; under applied stresses ranging from 0 to 86 GPa. The
results indicate that conductivity increases with stress, with the
highest intensity peaks shifting towards higher energies, con-
sistent with the observed band gap widening. Fig. 3(c) presents
the real and imaginary parts of the dielectric function as
functions of photon energy for stress levels of 0, 30, 60, and
86 GPa. The static dielectric constant decreases from approxi-
mately 3.6 at 0 GPa to around 2.5 at 86 GPa. This reduction can
be attributed to changes in both the polarizability and ion
displacement within the crystal lattice. Applied stress com-
presses the lattice, altering the electronic environment and
the spatial configuration of ions, which diminishes the materi-
al’s ability to polarise in response to an external electric field.
The real part of the dielectric function describes the material’s
capacity for polarisation, while the imaginary part accounts for
energy dissipation due to absorption. The computed results
confirm that these features are related to electronic transitions
from the valence band to the conduction band, in line with the
electronic structure discussed earlier.

A moderate dielectric constant and an intermediate energy
band gap were observed for RbCdF; through simulation. Mate-
rials exhibiting such balanced properties are widely utilised
across various technologies, including electronic devices, solar
cells, sensors, and other components that demand an optimal
combination of electronic characteristics, thermal stability, and
optical performance. The characteristic plasmonic oscillations
are described by the electron energy loss function, L(w), which
is presented in Fig. 3(d). The energy loss function characterises
both the macroscopic and microscopic interactions as fast

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrons traverse the material, initiating the energy loss pro-
cess. The most prominent peak in the energy loss spectrum
corresponds to the plasmon resonance. The energies of the
major plasmon peaks were determined to be approximately
21.6 eV at 0 GPa, 23.4 eV at 30 GPa, 33.7 eV at 60 GPa, and
30.6 eV at 86 GPa, indicating a clear shift with increasing stress
and providing estimates of the volume plasmon energy.

Fig. 3(e) illustrates the reflectivity as a function of photon
energy under varying stress conditions. At 0 GPa, a significant
reflectivity peak is observed in the ultraviolet region at approxi-
mately 19.6 eV, with overall reflectivity remaining relatively low
at lower photon energies, indicating high transparency in the
visible and lower UV range. In contrast, at elevated stress levels
(30, 60, and 86 GPa), reflectivity is comparatively higher within
the 2-19 eV range. These findings suggest that RbCdF; exhibits
considerable potential for applications in ultraviolet shielding
and optoelectronic devices, owing to its high UV reflectivity and
transparency in other regions. Fig. 3(f) displays the refractive
index as a function of photon energy for stresses ranging from 0
to 86 GPa. The static refractive index at zero photon energy
reflects the material’s inherent transparency and its capacity to
interact with light. The results clearly show that the refractive
index decreases with increasing photon energy across all stress
conditions, demonstrating dispersive behaviour typical of
dielectric materials. The moderate refractive index values
observed for RbCdF; suggest potential for various optical
applications where precise control of light transmission,
reduced reflectivity, and tailored optical effects are desirable,
further highlighting the material’s practical significance.

5. Elastic and mechanical behavior

Elastic constants play a crucial role in characterizing the
mechanical properties of a material, including its stability,
stiffness, and hardness.*® For a cubic crystal structure, as
illustrated in Fig. 4, the elastic behaviour is described by three
independent elastic constants: Cy1, Ci,, and Cyy.*® The coeffi-
cient Cy; primarily relates to longitudinal and shear stresses
along the principal axes, while C;, accounts for the material’s
transverse response to stress. The cubic structure of RbCdF;
satisfies the Born stability criteria,®® ensuring mechanical
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Fig. 4 Elastic constants plotted as a function of stress.
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stability under applied stress. The specific conditions for the
elastic stability of a cubic system are given by:

(C11 — C12) > 0, Cyy > 0, Cyy > 0,

(Ci1 +2Cy5) > 0.

Cip < B < Cqy,

)

An essential parameter for evaluating a material’s rigidity is
its Young’s modulus. The elastic constants C;1, Ci, and Cyy
were determined and subsequently used to calculate the rele-
vant mechanical properties.?” Young’s modulus (E) and Pois-
son’s ratio (v) were estimated using eqn (10) and (11). The bulk
modulus (B) and shear modulus (G) were derived from the
Reuss and Voigt bounds for shear (Gg) and (Gy) and bulk (Bg
and By) moduli, as shown in eqn (12)-(14).

_ 9GB (10)
T 3B+G
v = M (11)
T 2(3B+G)
1
Gy = §(3C44 +Cy — C12) (12)
5(Ci1 — C12)Cas
Gr = 13
R 3(Ci1 — Ci2) +4Cy (13)
2
By = Br = w (14)

The bulk modulus (B) is a key parameter for characterizing
the stiffness and incompressibility of a material. A higher value
of B indicates greater resistance to uniform compression,
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reflecting increased rigidity and structural tightness. In the
present study, the computed results show that the maximum
bulk modulus reaches 388.78 GPa at an applied stress of
86 GPa, as illustrated in Fig. 5(a). This trend demonstrates that
the stiffness of the material progressively increases with rising
stress levels from 0 to 86 GPa.

Higher values of bulk modulus (B) and shear modulus (G)
indicate a compound’s greater resistance to deformation,
reflecting its intrinsic stiffness and mechanical stability. Simi-
larly, Young’s modulus (E) is a key indicator of stiffness, with its
value increasing alongside applied stress, as demonstrated in
Fig. 5(a). According to the results summarised in Table 2,
Young’s modulus rises from 57.72 GPa to 161.81 GPa as the
stress increases from 0 to 86 GPa, further evidencing the
compound’s enhanced rigidity under stress. The Pugh ratio
(B/G) was employed to assess the material’s ductility or brittle-
ness. Following Pugh’s criterion, a material is considered
brittle if B/G < 1.75 and ductile if B/G > 1.75. In this study,
the calculated B/G ratios for RbCdF; exceed 1.75 across the
stress range, indicating a predominantly brittle nature, as
depicted in Fig. 5(b). In addition, the G/B ratio provides
complementary insight: values below 0.57 typically indicate
ductility, while values above 0.57 imply brittleness, according
to the Frantsevich rule. For RbCdF;, the computed G/B ratios
remain below 0.57 under all stress conditions, supporting the
conclusion of a ductile tendency. Cauchy pressure (Pc), which
was derived from elastic constants (C;, — C,4), further corro-
borates this interpretation; positive values signify ductility,
whereas negative values suggest brittleness. The positive Cau-
chy pressure across the stress range of 0-86 GPa confirms the
ductile behaviour of RbCdF;, as shown in Fig. 5(c).
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Fig. 5 Mechanical properties of RoCdFs versus applied stress (a) Bulk, Shear, and Young's moduli, (b) Pugh’s ratio and Frantsevich ratio, (c) Cauchy

pressure, (d) Poisson ratio and anisotropic factor.
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Table 2 Comparison of the present calculations with theoretical and
experimental data

Present Theoretical Experimental
Properties  calculations  calculations data
B (GPa) 43.5099 62.37,% 61.515,” 53.65°
E (GPa) 57.7224 72.63,* 66.002°
G (GPa) 22.5673 27.79,% 27.169"
Ci 89.01205 122.46,°117.2,2 162.75°  109.6%
Cis 20.7588 32.32,% 33.6,° 36.69° 37.3¢
Cus 17.0093 19.90,% 17.4,7 24.09° 20.44
v 0.2789 0.305,% 0.321°
BIG 1.928 2.24,% 2.461°
A 0.4984 0.441,% 0.9732°

@ Ref. 32. " Ref. 33. ¢ Ref. 34. ¢ Ref. 48.

Poisson’s ratio (v) is another significant parameter for
distinguishing ductile and brittle behaviour. For RbCdF;, the
Poisson’s ratio remains greater than 0.26 throughout, reinfor-
cing the material’s elastic and ductile characteristics, as indi-
cated in Fig. 5(d). Additionally, elastic anisotropy was evaluated
using eqn (15). An anisotropy factor (4) equal to unity indicates
isotropy, while deviations reflect anisotropy. As shown in
Fig. 5(d), RbCdF; exhibits an anisotropy factor slightly below
unity across the applied stress range, suggesting near-isotropic
elastic behaviour.

2C44

= 15
Cn—Cn (15)

6. Thermodynamic characteristics

The thermodynamic properties of RbCdF;, including entropy,
heat capacity, Debye temperature, free energy, and enthalpy,
were computed under applied stresses ranging from 0 to 86
GPa, as illustrated in Fig. 6(a)-(e). The trends indicate that the
enthalpy, entropy, and heat capacity decrease with increasing
stress when plotted as a function of temperature (0-1000 K).
Conversely, the values of free energy and Debye temperature
exhibit an increasing trend under applied stress; however, no
significant variations were observed between 60 and 86 GPa, as
shown in Fig. 6(a)—(e).

Fig. 7(a)-(d) depict the phonon dispersion curves for RbCdF;
at 0 K under different applied stresses of 0, 30, 60, and 86 GPa.
These results demonstrate that the phonon dispersion com-
prises numerous frequency modes, with a significant presence
of imaginary modes, indicating the potential dynamical
instability of the cubic structure at absolute zero. Similar
observations at 0 GPa have been reported by Peijun Guo
et al.,*® corroborating the current findings. The application of
stress can change interatomic distances and modify the effec-
tive force constants among atoms. Enhanced bond strength or
increased force constants tend to produce higher-frequency
phonon modes, thereby widening the energy gaps between
distinct phonon branches or modes. Such stress-induced mod-
ifications in phonon gaps can significantly influence the mate-
rial’s thermal conductivity and mechanical properties, as
evidenced by the variations in elastic, mechanical, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thermodynamic characteristics presented in Fig. 4-6. As shown
in Fig. 7(a), a distinct phonon gap is apparent at 0 GPa, which
broadens progressively with increasing applied stress up to 60
and 86 GPa. Furthermore, the expansion of the imaginary
phonon modes across the stress range from 30 to 86 GPa,
illustrated in Fig. 7(a)-(d), further indicates dynamical instabil-
ity under these conditions. The persistence of imaginary fre-
quencies implies that, despite the anisotropy factor suggesting
near-isotropic behaviour, the cubic phase may not be structu-
rally stable at 0 K. This apparent contrast underscores the
complex behaviour of RbCdF; and highlights the necessity for
further comprehensive investigations into its dynamical stabi-
lity and potential phase transitions under varying thermody-
namic and mechanical conditions.

7. Electron energy loss spectroscopy
(EELS)

Essential elements of the electron energy loss spectroscopy
(EELS) investigation include the energy-loss function and the
identification of the principal peaks in the energy-loss spec-
trum, which enable investigation of the material’s electronic
structure and related properties.>® Across the full stress range
from 0 to 86 GPa, the emission and absorption spectra for Rb,
Cd, and F atoms within the RbCdF; compound are presented in
Fig. 8(a)—(f). For the Rb atom, the maximum absorption is
observed at 14.64 eV, whereas the emission peak occurs at
—7.58 eV. The electronic configuration of the Rb atom is 1s* 2s®
2p° 3s® 3p® 4s” 3d"° 4p°® 55, reflecting its partially filled valence
shell, which contributes to these distinctive spectral features.
These variations in the absorption and emission characteristics
highlight the remarkable sensitivity of EELS analysis to subtle
structural perturbations. Such shifts may arise from variations
in lattice constants, changes in the local coordination environ-
ment, or alterations in interatomic distances under different
stress conditions. Understanding these subtle modifications is
critical for elucidating the material’s electronic interactions
and provides a valuable foundation for tailoring its properties
for advanced functional applications.

For the Cd atom, the electronic configuration is 1s* 2s> 2p°
3s> 3p® 4s® 3d"° 4p°® 55 4d"°. At 0 GPa, the absorption peak for
cadmium is observed at 14.32 eV, while the emission peak
occurs at —1.90 eV. As illustrated in Fig. 8(b), the application of
stress results in a discernible shift towards higher-energy
absorption spectra, which can be attributed to variations in
the density of states and alterations in the local electronic
environment of the Cd atoms under compression. In the case
of fluorine (F), which has the electronic configuration 1s> 2s>
2p°, a similar trend is evident. The maximum absorption for
the fluorine atom occurs at approximately 10.39 V, as shown in
Fig. 8(c) and (e). The energy-loss spectrum reveals notable shifts
in response to applied stress, indicating that fluorine atoms
experience electronic transitions that involve excitations from
lower to higher energy levels. Moreover, the emission spectra
exhibit comparable behaviour, highlighting the sensitivity of
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the fluorine sites to external perturbations. These spectral
variations, observed consistently across Rb, Cd, and F atoms,
underscore the pronounced influence of stress-induced
changes on the electronic structure of RbCdF;. Such findings
reinforce the importance of EELS as a diagnostic tool for
probing subtle modifications in bonding, coordination, and
electronic interactions within complex fluoroperovskite sys-
tems. Integrating these insights with the band structure, opti-
cal, and phonon analyses provides a comprehensive
understanding of the material’s response to external stress,
thereby informing its potential application in advanced elec-
tronic and optoelectronic devices.

8. X-ray diffraction

Under stress conditions ranging from 0 to 86 GPa, the theore-
tical X-ray diffraction (XRD) analysis, presented in Fig. 9,

5966 | Mater. Adv., 2025, 6, 5959-5970

provides valuable insights into the crystal structure and
potential phase stability of the material under investigation.
While direct experimental comparisons of theoretical XRD
patterns for RbCdF; are limited in the existing literature,
analogous studies support the preservation of its cubic struc-
ture under varying stress conditions, thereby corroborating the
computational findings. The subtle shifts observed in the
diffraction peaks with increasing stress suggest slight varia-
tions in the lattice parameters, reflecting the material’s struc-
tural adaptability. Such dynamic adjustments highlight the
compound’s capacity to accommodate external pressures with-
out undergoing significant phase transitions, a property that
may be advantageous for applications requiring structural
resilience and tunable performance.

Furthermore, these variations in diffraction patterns under-
score the potential impact of stress on the electronic and
mechanical properties of RbCdF;, as lattice distortions can

© 2025 The Author(s). Published by the Royal Society of Chemistry
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directly influence the band structure, carrier mobility, and
elastic moduli. Of particular note is the phenomenon of
destructive interference at larger scattering angles, which
results in reduced intensity due to phase discrepancies arising
from differences in path lengths of the scattered waves. As
illustrated in Fig. 9(b), the intensity versus scattering vector plot
demonstrates that at higher stress levels, specifically at 30 and

© 2025 The Author(s). Published by the Royal Society of Chemistry

60 GPa, the diffraction peak intensities are noticeably greater
than at 0 GPa. This increase in intensity implies enhanced
constructive interference under these conditions, further con-
firming the material’s structural coherence and the potential
for controlled stress-induced modifications. Taken together,
these theoretical XRD results reinforce the understanding of
RbCdF; as a structurally stable and adaptable compound, with
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tunable characteristics that may be leveraged in advanced
technological applications such as high-pressure optoelectro-
nic devices and stress-responsive functional materials.

9. Conclusion

In this study, the electronic, optical, mechanical, thermody-
namic, and structural properties of cubic RbCdF; were com-
prehensively investigated under various stress conditions
ranging from 0 to 86 GPa, employing first-principles calcula-
tions within the PBE generalised gradient approximation fra-
mework. The optimized lattice parameters and cell volumes
exhibited a systematic decrease with increasing stress, confirm-
ing the material’s structural compressibility. The electronic
band structure analyses revealed that the band gap of RbCdF;
increased from 3.128 eV to 3.533 eV as stress was increased,
suggesting tunable semiconducting behaviour suitable for
optoelectronic applications. The optical characterization
demonstrated enhanced conductivity, dielectric function,
absorption coefficient, reflectivity, and refractive index with
increasing stress, with the highest absorption reaching
282035.5 cm™ ' at 86 GPa. Such promising optical responses
imply potential utility in ultraviolet shielding, sensors, and
high-performance optoelectronic devices. Mechanical stability
was confirmed through the computed elastic constants, satisfy-
ing the Born stability criteria for a cubic phase. The moduli
results indicated increased bulk, shear, and Young’s moduli
with rising stress, reflecting greater stiffness and reduced
compressibility. The Pugh’s ratio (B/G > 1.75), positive Cauchy
pressure, Poisson’s ratio exceeding 0.26, and Frantsevich ratio
consistently supported the ductile nature of RbCdF; across all
stress conditions. The material displayed slight elastic aniso-
tropy, with the anisotropy factor (A) remaining below unity
throughout, implying near-isotropic mechanical behaviour.
Furthermore, phonon dispersion analyses highlighted the
presence of imaginary modes at 0 K, suggesting potential
dynamical instabilities in the ideal cubic phase and under-
scoring the need for further finite-temperature or anharmonic
investigations. Thermodynamic properties, including entropy,
enthalpy, heat capacity, free energy, and Debye temperature,
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were systematically influenced by stress, providing additional
insights into the compound’s stability and performance under
varying environmental conditions. Theoretical XRD patterns
confirmed the retention of the cubic structure with minor
lattice adjustments, reflecting the material’s adaptability under
applied stress. Overall, this study demonstrates that RbCdF;
possesses a desirable combination of tunable electronic struc-
ture, favourable optical characteristics, ductile mechanical
behaviour, and structural stability under high-stress condi-
tions. These attributes collectively suggest that RbCdF; is a
promising candidate for advanced optoelectronic, UV shield-
ing, and high-pressure device applications. Future experi-
mental validation and in-depth phonon analyses are
recommended to further corroborate these findings and
explore the material’'s performance under practical working
environments.
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