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ABSTRACT: The extraordinary properties of graphene have
motivated us to investigate a novel 2D compound. In this
framework, we study the structural, vibrational, electronic, optical,
and elastic properties of a new two-dimensional CaFI monolayer,
using DFT, GW, RPA, and BSE methodologies. The phonon
dispersion curve of the CaFI monolayer exhibited no unstable
phonon modes, confirming that this 2D sheet is dynamically stable.
Our GW calculations show that the indirect bandgap energy value
of CaFI is 6.52 eV. Interestingly, the bandgap rapidly decreased by
improving the electric field value. Our BSE computations indicate
that this monolayer becomes translucent when the incident light
frequency exceeds the plasma frequency (6.50 eV). Also, we have
computed the second and third elastic constants of CaFI by
combining the DFT and RPA approaches with the homogeneous deformation method. Additionally, the longitudinal acoustic
phonon dispersion of CaFI was studied. We have determined that the longitudinal acoustic wave velocity in our sheet is higher than
the LA wave velocity of germanium measured using Brillouin or ultrasonic techniques.

■ INTRODUCTION

Graphene1−3 is a two-dimensional crystal of carbon atoms
spread evenly in a hexagonal honeycomb-shaped lattice. In
nature, the stacking of layers of graphene forms graphite, which
is commonly found in our pencil mines. Graphene is a miracle
material4,5 that humankind stumbled upon almost by accident,
in experiments that saw rolls of tape and flying frogs scroll by.
Graphene is impermeable to molecules and exhibits high
thermal and electrical conductivity,6,7 permitting electrons to
flow much faster than silicon. It is also a transparent conductor,
exceptionally combining optical and electrical functionality.
Graphene allows a wide variety of potential applications,8 from
electronics to composite materials,9 and it is relatively
inexpensive to produce compared with other materials.
Although it is effective at quickly transporting electrons,
graphene has a handicap: unlike the materials from which the
transistors in our computers are created, it is not a
semiconductor. This handicap opened the highway to identify
unique two-dimensional materials (2D) by mechanical
exfoliation10 or physical vapor deposition.11 Among these 2D
compounds are silicene,12 transition metal dichalcogenides
(TMDs),13 phosphorene,14,15 Janus transition metal dichalco-
genides (JTMDs),16 transition-metal compounds (TMC),17,18

and so on.19−22 Unfortunately, the TMD band gap energy (Eg)

value does not exceed 3.0 eV; consequently, they are not fitting
for optoelectronic applications, for example, in photocatalytic
water splitting.23,24 Accordingly, the quest for new 2D
materials with wide band gaps and stable dynamically became
required to circumvent this lack. The field of investigation on
two-dimensional materials has been very effective for
developing new composites25,26 that have distinct features
compared with other elements, which can be employed in the
production of new electronic devices. In this direction, we have
recently achieved, a new type of systems of films, which is 2D
halides.26,27 Theoretically, there are several investigations on
the physical properties of halides. For instance, the electronic
features of Pb−I insufficient lead halide perovskites have been
calculated by Zheng et al.28 From ab initio calculations,
Barhoumi et al.29 have estimated the electronic and optical
aspects of bismuth oxyhalides. Furthermore, using density
functional theory (DFT)30 and beyond,27 the electro-optic
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properties of PbFCl and PbFI monolayers have been
discovered. The structural and electronic properties of the
CaFI bulk have been explored by El Haj Hassan and
colleagues.31 The structural stabilities and electronic structure
of high-angle grain borders in crystalline cesium lead halides
were explored by Guo et al.32 Structural, elastic, electronic, and
optical properties of lithium halides (LiF, LiCl, LiBr, and LiI)
have fully been determined using the first-principle calcu-
lations.33 Experimentally, Tombe and his colleagues34 have
investigated the dielectric properties of heterogeneous halide
(X = I, Cl, Br) methylammonium. The architectural and
electronic properties of multifunctional composite materials of
organometal halide perovskites were investigated by Klejna.35

Senol and Erdem36 have investigated the hydrothermal
synthesis of Li codoped Zn0.98Mg0.02O nanoparticles and
their structural, optical, and electrical properties. The three tin
oxide halides, Sn7O4Cl6, Sn7O4Br6, and Sn4OI6, were
synthesized by solid-state reactions of SnO and SnX2 (X =
Cl, Br, I).37 Giordano et al.38 have shown that n-doping of
mesoporous TiO2 is accomplished by facile post-treatment of
the films with lithium salts. Although there has been a massive
amount of work on the electronic and optical characteristics of
halides, no experimental or theoretical research on the
electronic, optical, and elastic properties of a CaFI monolayer
and acoustic phonon dispersion at hypersonic frequencies in
CaFI has been done yet. In this paper, for the first time, we
apply density functional theory and beyond to examine the
structural, vibrational, electronic, optical, and elastic aspects of
CaFI. The actual work is divided into different sections: after
this introduction, the next section contains the computational
methods, which is followed by our results and, lastly, our
conclusions.

■ COMPUTATIONAL DETAILS
We have used the Vienna ab initio simulation package
(VASP)39 code to make accurate predictions applying density
functional theory. Interactions between electrons are addressed
within the projector-augmented wave (PAW).40 Either Ceperly
and Alder’s (CA) local density approximation (LDA)41 and
Perdew−Burke−Ernzerhof’s (PBE) generalized gradient ap-
proximation (GGA)42 with a plane wave cutoff of 500 eV
(with 0.2 eV broaden for the optical calculations) and a 12 ×
12 × 1 k-point mesh were employed to simulate exchange and
correlation. For the hybrid Heyd−Scuseria−Ernzerhof
(HSE)43 predictions, we have applied the same parameters.
We have employed the adiabatic-connection fluctuation−
dissipation theorem (ACFDT) in random phase approxima-
tion (RPA)44 with a cutoff of 700 eV and Brillouin-Zone (BZ)
sample with 12 × 12 × 1. All RPA estimations were achieved
employing the PBE orbitals and PBE one-electron energies
(RPA@PBE). As mentioned before in ref 45, we have
performed the G0W0 type with a GW cutoff of 700 eV and
208 bands, which produces precise band gap energy data (see
SI). It should be noted that for a better precise band gap value,
we have employed an energy cutoff of 700 eV and a GW cutoff
of 700 eV. Because when a slight cutoff energy is employed,
there is a false-convergence behavior of the band gap.45 Our
GW computations are of the G0W0 kind no self-consistency is
included. The Bethe−Salpeter equation (BSE)46 was used to
express the absorption spectra of our monolayer. To stop
important interactions between the periodically reproduced
pictures, enough spacing between the layers (more than 17 Å)
was applied. With residual forces less than 0.0001 eV/Å, the

CaFI monolayer was completely relaxed. The density func-
tional perturbation theory (DFPT)47 with a 5 × 5 × 1
supercell was used to establish the dynamical stability of this
layer. To quantify the correlation-exchange energy in HSE, the
correlation-exchange Exc expression was first constructed in
PBE and then again in PBE0:
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In the Hartree−Fock (HF) approach, the nonlocal Fock
(exact) exchange energy is not a density functional. This
exchange exactly removes the deceptive self-interaction,
however, and needs no description of electronic correlation.
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A hybrid HSE (XC) functional is a combination of the HF
and GGA approaches, driven by the observation that the HF
approximation overvalues the significant gap while the LDA or
GGA estimations undervalue it.
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The HSE group has a long- and short-ranged (SR)
participation partitioning, as well as screening within the HF
term itself. The HSE03 hybrid functional, for example, is
described by this way:

= + + +μ μ μE E E E E
1
4

3
4xc

HSE
x
sr

x
PBE sr

x
PBE lr

c
PBE03 , , , , ,

(5)

Where

∬∑ μ

ϕ ϕ ϕ ϕ

= − × ′ | − ′|
| − ′|

× * * ′ ′

μE
e

w f w f d rd r
r r

r r

r r r r

2
2 2

erfc( )

( ) ( ) ( ) ( )

x
sr

kn qm
k kn q qm

kn qm qm kn

,
2

,

3 3

(6)

It is worth noting that just the exchange portion of the
electron−electron connection is divided into a short (sr) and
long-range (lr) portion. The ranging separation associated with
a specific distance (2/μ) during which short-range interactions
become minimal is defined by the quantity μ. ϕkn(r) are Bloch
states, and f kn are occupational numbers (for more details, see
ref 48). The application of the HSE functional to substances
with varying degrees of localization results in frequent errors.
Because the Hartree−Fock exchange is heavily converged
around the supercell size, HSE may predict an inaccurate
ground state for the negatively charged. As a result, we used
the RPA methodology. The energy of exchange-correlation is
developed as having:

= +E E Exc
RPA

x
EX

RPA
c

(7)

Ex
EX is exchange-exact energy and ERPA

c is the correlation term

RPA. Where the Ex
EX energy is written in the following form:
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The RPA applied to cyclic infinite systems is a good way to
resolve their polarizabilities per unit cell and talk about their
excitation spectra. On the basis of the higher-order modes of
the polarization propagator, the irresponsibility of electron
correlation effects of this HF technique can still be alleviated in
future designs. Long-range van der Waals (vdW) interactions
are easily incorporated into the RPA correlation energy. Also,
the Ec

RPA energy is written in the following form:

∫π
ω χ ω χ ω= [ − + ]

∞
E i v i v

1
2

d Tr ln(1 ( ) ) ( )c
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0

0 0
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χ0(r, r1, iω), is the Kohn−Sham (KS) independent particle
response function of the reference system λ = 0 and is known
explicitly in terms of orbitals ψi(r) with a single particle (KS),
orbital energies ϵi and occupancy factors f i,j(for more details
see SI). Moreover, as compared with the DFT approach, the
BSE program enhances the correlation term. The correlation
energy is calculated using the following formula:
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The eigenvalues and eigenstates of the BSE Hamiltonian at
coupling strength λ are α

λE and α
λA (S). The excitation

population is f S, and the plane wave is nGS. S symbolizes an
electron−hole excitement. For more definitions of parameters,
see ref 49. The optical qualities are calculated through using
ϵ(ω) complex dielectric function, which is distinguished as

ω ω ωϵ = ϵ + ϵi( ) ( ) ( )1 2 (11)

The momentum array parts between the full and empty
electronic states provide the imaginary part ϵ2(ω) . The
dielectric function’s real portion ϵ1(ω) can be summarized as
follows:

∫ω
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specifies the Cauchy high emphasis of the integral, ignoring
the propensity’s input to the integral at ω = ω′. We have used
dipole approximation to compute absorption spectra, which
means that the moment change from the initial state to the end
state is ignored. The dielectric function is determined using the
present description, which compares the full and empty states
of the dipole array P. Using the continuity equation, we
estimated the absorption coefficient (α(ω)) from the dielectric
function:

α ω ω ω ω ω= [ ϵ + ϵ − ϵ ]( ) 2 ( ) ( ) ( )1
2

2
2

1
1/2

(13)

■ RESULTS AND DISCUSSION
In Figure 1, we have offered the side view of the CaFI thin film.
Our CaFI crystal system is tetragonal, a = b ≠ c and α = β = γ
= 90 °, as mentioned in SI. The lengths of the Ca−I and Ca−F
bonds are 3.30 and 4.68 Å (HSE), accordingly. When the
hybrid HSE functional is applied, the F−Ca−I and F−Ca−F
bond angles are 49.70 and 73.22°, respectively. We have also
established that with LDA the lattice constants a, which is
around 3.85 Å, whereas with GGA, it is about 3.94 Å.

However, the hybrid HSE calculations outperform the LDA
and GGA findings, with the lattice constant being ∼3.91 Å. It
is worth noting that the CaFI sheet is 6.70 Å (HSE) thick. As
previously stated, applying the hybrid HSE functional to
compounds with varying degrees of localization results in
systematic errors: due to the high convergence of the Hartree−
Fock exchange in the supercell dimension. HSE may infer an
inaccurate ground state for negatively charged compounds. As
a result, we have employed the RPA approach to better
represent the architectural structure of our sheet. We have
provided our RPA results in Table 1, along with DFT

calculations of the CaFI monolayer bond lengths and lattice
constants. A noticeable point is that we put more details
regarding the CaFI geometry structure like symmetry, point
group, or space group in SI. Since it explicitly incorporates a
fraction of the electron correlation energy to make
considerable physical effects without increasing the computing
expense, the RPA approach accurately reflects the shape. The
RPA algorithm can solve more efficiently for intermolecular
interaction energies than the normal DFT technique with
empirical dispersion corrections. Then, using the DFPT-PBE
method, we have estimated the phonon spectra of our layer. In
Figure 2, the phonon dispersion curves are sketched along the
path Γ-X-M-Γ. The law of vibrational characteristics states the
following: if there are no fictitious frequencies in the spectra,
the monolayer is dynamically stable; anything other than that,
it is not dynamically stable. CaFI is dynamically stable in this
direction, as no imaginary frequency appears in its spectra.
There is a weakly unstable phonon branch near to the Brillouin
zone center: this is not a real physical impact but reflects the
well-known difficulty in performing numerical convergence for
the flexural phonon mode for 2D materials, which was
discussed in previous works of Fal’ko et al.50,51 The electronic
properties of the sheet addressed here, such as partial density
of states (PDOS) and total density of states (TDOS), were
explored. In this way, PDOS and TDOS are depicted together

Figure 1. Side view of the crystal structure of CaFI monolayer.

Table 1. Bond Lengths (Å), Bond Angles (deg), and Lattice
Constant (Å) of the CaFI Monolayer, Using Different
Approaches

Ca−I Ca−F F−Ca−I F−Ca−F a (Å) c/a

LDA 3.28 4.59 49.68 73.20 3.85 4.41
GGA 3.29 4.64 49.69 73.21 3.94 4.31
HSE 3.30 4.68 49.70 73.22 3.91 4.34
RPA 3.30 4.67 49.69 73.21 3.90 4.35
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in Figure 3, respectively, using LDA, GGA, and HSE
functionals. All approaches reveal that the I atom’s orbitals

create the top of the valence band, while the Ca atom donates
to the bottom of the conduction band. We can also derive the
band gap energy of this layer from the TDOS. Our LDA band
gap energy result of CaFI is around 3.92 eV, while it is ∼4.20
eV when GGA-PBE is applied. Generally, when compared with
experimental data,52 LDA and GGA underestimated the band
gap value. Therefore, we have rehearsed the HSE approach to
minimize getting this wrong. Absolutely, the hybrid HSE
functional is a combination of the HF and LDA (or GGA)
approaches, motivated by the observation that HF over-
estimates the required band gap while LDA and GGA
underestimate it. This hybrid functional generates a choice
that is halfway between HF and DFT, resulting in a more
realistic gap. Furthermore, it has long been recognized that the

local density approximation and the generalized gradient
approximation do not reliably capture band gaps and that one
must look beyond these methodologies to express these
features. With the hybrid HSE functional, we have shown that
the band gap value is around 5.50 eV in this context.
Additionally, we have performed GGA and GW to support the
findings obtained from the TDOS regarding the band gap
value of CaFI with the band structure, which is illustrated in
Figure 4. With the GGA-PBE band structures, we have

acquired a band gap value of 4.20 eV, as depicted in TDOS-
GGA. Nevertheless, as previously noted, the GGA band gap is
not consistently anticipated. Significantly, we have gone
beyond the hybrid HSE functional; indeed, we have rectified
the band gap value inaccuracy using the GW approach.
Definitely, in extended systems, the most widely used
approximation is the GW model; in the case of HF, the bare
Coulomb contact in the exchange term is replaced by a
dynamically screened interaction.53 This reduces the far too
large HF eigenvalue gap in solids and brings it closer to
experiment in generality. The band gaps of semiconductors
and insulators54 are usually well represented by GW. GW has
previously produced electron addition and elimination energies

Figure 2. Phonon dispersion curves of the CaFI sheet.

Figure 3. Partial density of states and total density of states of CaFI
using LDA, GGA, and HSE, respectively.

Figure 4. Band structures of CaFI with GGA and GW. 0 eV is
selected as the Fermi level. An arrow denotes the band gap indirect Eg,
while vertical lines denote the locations of high-symmetry sites.
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through extensive experimentation. These accomplishments
place GW near the top of any list of first-principles electronic
structure techniques in terms of computational value, or
exactness for computational cost. Because of GW adaptability,
present occupations in physics, chemistry, and materials
science will continue to grow in the future. The density and
one-body density array are fundamentally generalized by GW.
In this direction, as seen in Figure 4, the GW approximation
guides vital modifications: the indirect band gap value at the Γ-
X-points grows from 4.20 eV (DFT) to 6.52 eV (GW), which
is larger than the band gap of PbFCl (6.38 eV with GW), ScOI,
and InOF (4.0 eV with HSE) 2D monolayers.26 Too, GW
changes detected at the other high symmetry points, for
instance, at X the lowest energy transition improves from 3.55
eV (GGA) to 8.12 eV with GW. Note that both the
conduction band minimum (CBM) and valence band
maximum (VBM) are located at the Γ and X-point,
accordingly. In general, the dipole correction has a
considerable impact on the electrostatic potential propagation
perpendicular to the CaFI sheet.55 Our sheet electrostatic
potential with dipole correction is shown in Figure 5. The work

function Φ has been established in this framework. The
minimum energy required for an electron to transit between
the Fermi and vacuum levels is Φ. Also, Φ refers to the
capacity of an electron to leave the compound’s surface. In our
case, the difference in work function is almost ignored with
ΦCa = ΦF = ΦI = Φ = 4.98 eV, which is larger than the
functional work of the In2TeO monolayer (Φ = 4.16 eV).56

The influence of the electric field on the band gap in two
sheets was recently examined.57 For example, Zheng et al.58

have reported that applying electric fields in distinct angles
reduced or improved the equivalent field in zigzag BN
nanoribbons, leading to decreased or increased band gap due
to the Stark effect. As a result of the Stark impact, Liu et al.59

have reported that MoS2 exhibited varied band gap
modifications for various types of MoS2 bilayer. As previously
done for graphene,60 we have assessed the effects of the electric
field E on the band structures of the monolayer, as shown in
Figure 6. By using the GGA-PBE model, we have applied an
external electric field to the CaFI layer in the z-direction, with
a range of 0.0, 0.5, and 1.0 V/Å. The CaFI band gap energy

and band locations are readily tweaked, according to our
findings. A little vertical electric field has been obtained, which
reduces the band gap value. For instance, a 0.5 V/Å increase in
electric field intensity can reduce the band gap from 4.20 to 0.1
eV while preserving the indirect gap type. As a result, we can
make a semiconductor to metal transition with a field strength
of more than 0.5 V/Å. The interaction of an electron with a
photon is done, like any interaction, with the protection of
energy and the wave vector. The wave vector of the photon
being much lower than that of the electrons, the direct optical
transitions between the valence band and the conduction
appear vertical in the electron band diagram. In the case of a
band gap semiconductor indirect, optical transitions through
the gap can only take place through an additional interaction,
for example, that of a phonon. Absorption, transmission,
reflection, dispersion, and emission are all examples of how
light reacts with a matter in solid-state physics. The
investigation of solid optical characteristics has been shown
to be a valuable strategy in gaining a better knowledge of
material electronic structure. As a consequence, semiconductor
optical properties have provided useful insight into several
aspects of their physical parameters, such as their electronic
and vibrational modes. Some optical processes have given data
about the geometry of semiconductors heterostructures. The
optical properties of 2D are important for a variety of
applications, including fibreoptic coatings and lens coverings.
The weathering resistance of 2D is primarily dependent on its
optical qualities, particularly when ultraviolet absorption is
involved. In general, these properties reflect how elements
react to the electromagnetic spectrum. The received radiation
is partially transmitted, partly reflected, and partly absorbed by
each object. Transmissivity, reflectivity, and absorptivity are
optical qualities that describe a material’s response to incoming
radiation. Also, understanding optical qualities is useful in a
variety of commercial and scientific jobs, such as planning,
photonic devices, and so on. In this way, we have involved
LDA, RPA, and BSE to predict the optical properties of the
CaFI thin film, such as dielectric function, absorptivity, and
index of refraction. Notably, all of the calculations shown here
are for a polarization vector perpendicular to the c-axis. In
Figure 7, we have illustrated the ε1(ω) and ε2(ω) parts,
accordingly. In the ε1(ω) spectra, we have found a greater peak
around 4.56 eV with LDA and 4.57 eV with RPA. We have
discovered that RPA produces results that are substantially
identical to LDA. Even though RPA is one of the best
nonperturbative approaches for determining the ground-state
correlation energy of many-electron structures, it produced
results that were close to LDA predictions. This is because
RPA describes the short-ranged section of the correlation hole
incorrectly. The electron−hole interaction can then be
computed by adding vertex corrections’ behind the RPA,
which can be done in practice by resolving BSE. This results in
high absorption and electron energy loss spectra in general. It
is worth noting that the BSE formalism is unmistakably
establishing itself as a new dynamic and accurate gadget in the
arsenal of computational tools available to researchers for
divining optical excitations in 2D systems. The GW-BSE
approach’s application to semiconducting 2D layers has
explained and predicted several fascinating new physical
features of these substances. It is important to note that in
the baseline system, diagonalizing the BSE Hamiltonian
appears to agree to help solve a linear eigenvalue complexity
in the region of single excitations, whereas in its numerical

Figure 5. CaFI monolayer electrostatic potential. The vacuum and
Fermi level were used to calculate the work function. The top and
bottom vacuum levels (VCL) are indicated by dashed green lines. The
Fermi level is represented by the dashed blue line.
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approach, it is nonlinear eigenvalue trouble that is much more
difficult to establish from a computational perspective. Here,
the optical transformation between Ca s-states in the maximum
valence band and I p-states in the minimum conduction band
results in an impactful peak (maximum position) of 2.80 eV
with BSE. LDA and RPA spectra have minimum energies of
11.1 and 11.2 eV, correspondingly. After using the BSE
approach, the minimal CaFI spectrum is detected at an energy
of 7.0 eV. If we look at the real portion of the dielectric
function, we can observe that the fundamental element of the
dielectric function does not pass through the 0 levels for this
monolayer, when LDA and RPA are used. In addition, the

imaginary part ε2(ω) of CaFI dielectric function, which is
presented in Figure 7, validates this feat. If BSE is insinuated,
we identify two notable peaks in the ε2(ω) spectra of CaFI:
3.00 eV (6.5 eV with LDA and ∼6.51 eV with RPA) and 3.5
eV (10.40 eV with LDA and ∼10.35 eV with RPA). We have
established that the transitions between Ca s and I p-states are
represented by the peak at 3.00 eV. The crossovers between Ca
s and F p-states are represented by another peak. We can
analyze other optical parameters such as refractive index and
reflectivity after generating the two portions of the dielectric
function. In this context, we have calculated the CaFI
monolayer absorption coefficient α(ω), as can be seen in

Figure 6. Using the GGA functional, the electronic band structures of CaFI monolayer as a function of applied electric field. The Fermi level is
zeroed out.

Figure 7. Imaginary part (ε2(ω)), and real part (ε1(ω)) of the dielectric function.
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Figure 8. α is the distance that light of a particular frequency
may penetrate an element before being absorbed. Radiation is
just poorly absorbed in an element with a low absorption
coefficient, and if the material is thin enough, it will appear
transparent to that wavelength. The absorption coefficient is
defined by the element as well as the wavelength of light
absorbed. More exactly, α displays the light’s intensity
degradation as it passes through a medium. For an optical
approach, it can be defined as the sum of an elements
absorption bridge per unit volume. Therefore, because spectra
begin with a value difference of 0 eV, the absorption coefficient
spectra of the CaFI show the semiconductor quality of this
film. Herein, we have employed a wide range of energy from 0
to 40 eV. When BES is employed, we see multiple peaks, one
at 4.00 eV and the other at 6.50 eV. Moreover, with the BSE
method, this layer has a good absorption coefficient in the
2.50−7.00 eV area. Consequently, we have revealed that when
the frequency of the light source is greater than the resonance
frequency (6.50 eV), the compound investigated here becomes
translucent. Through using BSE methodology, we have
investigated the reflectivity coefficient (n(ω)) and the
reflectivity (%)) of the CaFI monolayer in parallel with the
absorptivity. In Figure 9, we display these parameters, namely
the reflectivity index and the reflectance. n(ω) is the amount of
light that is rounded or refracted when it enters a monolayer. It
is a physical quantity that can be used to differentiate a
substance because it is a feature of a medium. For a given light
wave, every transparent medium is defined by its refractive
index. The following definition delivers the refractive index of
every tiny layer dielectric:
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The real part of the refractive index is nR, while the imaginary
part is nI. It has something to do with the weak layer
absorption. The electrons’ resonance frequency, ω0, varies
from element to element. N is the number of atoms per unit
volume, m is the electron’s mass, and e is the electron’s electric

current. The refractive index of our monolayer as a versus
photon energy, from which we derive the static refractive index
of this sheet, is ∼1.31 with BSE, as seen in Figure 8. We may
also express another important statistic, the reflectance
coefficient (R), which represents the portion of energy
exhibited at the solid’s interface and can be calculated from
the index of refraction:

= − +
+ +

R
n K
n K

( 1)
( 1)

2

2 (17)

where n is the refractive index, K is the extinction coefficient
also called the attenuation index. The R reflectivity spectrum
for this monolayer is displayed in Figure 9. We can see that R
rises to around 0.107% (6.9 eV) and then starts to fall. The
SOECs and TOECs of the CaFI monolayer were then
calculated using DFT (LDA, GGA, and HSE) and RPA
computations. The RPA procedure was chosen because it
captures basic electron correlation influences such as midand
long-range communications, as well as some static correlation
even at the level of the bare Coulomb interaction kernel. These
effects are largely lacking from the DFT explanation. As
mentioned above, RPA outperforms the standard DFT (LDA,
GGA, and HSE) technique in terms of intermolecular

Figure 8. Absorption coefficient of CaFI monolayer, using LDA, RPA, and BSE, respectively.

Figure 9. Reflectivity index (n(ω)) and the reflectance (%) of the
CaFI monolayer, using the BSE approach.
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interaction energies, including improvements in empirical
dispersion. It is also worth noting that the RPA correlation
energy smoothly incorporates long-range van der Waals
interactions. Consequently, RPA is the best way to compute
the elastic properties.61 As previously stated, the elasticity of
solids is the material’s reaction to applied stresses, which can
result in reversible deformations (return to the initial state).
Only weak strains are affected by Hooke’s law, which states
that the strain in a solid elastic is proportionate to the stress.
Tensors, often known as stress tensors, are used to express
forces. Deformations are the answers, which are also provided
by tensors. Because the strain is in the linear phase, the stress/
strain ratio (elastic modulus) is constant for tiny stressors.
Hooke’s law will no longer be met when the strains are that
great. So, in the linear realm, in the case of extending, the
extension is proportional to the applied force, and in the case
of torsion, the angle is proportional to velocity. The theory of
elasticity necessitates quantitative expertise to construct a
mathematical model of the deformation problem and
subsequently to comprehend the formulation and solution
techniques. Stress and strain are both described by a 9-element
second-rank tensor (see SI). Each portion must be matched
with every part for a completely linear relationship between the
stress and strain tensors, resulting in a fourth-rank tensor with
81 items. Each member in the entire elasticity tensor Cijkl = Cjikl
due to the symmetry of the stress tensor (ϵij). Since one of
every three parts has an asymmetric companion, the number of
single components is instantly 54. Second, because of the
symmetry of the strain tensor, each item in the entire elasticity
tensor Cijkl = Cijlk. The number of single items is suddenly 36, a
one-third reduction. Since the strain energy involvement of
one elastic constant relies on Cijklϵijϵkl, altering the form to
Cklijϵklϵij must not change the overall strain energy, resulting in
Cijkl = Cklij, there is an extra strain-energy symmetry. The
number of separate elements is immediately 21. The 21 parts
can then be shown in an asymmetric 6× 6 s-rank tensor or
paradigm, which describes a 6-element first-rank stress tensor
or vector to an identical strain vector, using the Voigt notation.
The elements of the stress and strain vectors are σii → σi and ϵii
→ ϵi for axial stresses and strains, and σ23 → σ4, σ31 → σ5 and
σ12 → σ6 for shear stresses, with corresponding, multiplied
shear strains 2ϵ23 → ϵ4, 2ϵ31 → ϵ5 and 2ϵ12 → ϵ6. We will refer
to all shear stresses as τi and strains as γi. The coefficients then
move from 4 subindices to 2 subindices, every changing from 1
to 6. Supposing Hookean linear elasticity, 9 of the 21 elements
of the Voigt tensor instantly vanish, particularly, those relating
shear stresses to axial strains and axial stresses to shear strains,

leaving 12 elements. The elements thus eliminated are 14, 15,
16, 24, 25, 26, 34, 35, and 36. Three of the remaining 12 relate
shear stress in one sense to shear strain in another sense, and
thus also vanish under Hookean linear elasticity. The elements
thus eliminated are 45, 56, and 46. In the tetragonal system
(our case), only 9 elements remain, in three categories: the first
one is axial (C11, C22, C33). The second is axial due to the
Poisson effect (C12, C13, C23) and the last one is shear (C44,
C55, and C66). By symmetry of the tetragonal lattice, we can get
C11 = C22, C13 = C23, and C44 = C55. This leaves 6 unique
elements, which are the ones you have, C11, C12, C13, C33, C44,
and C66. We present in Table 2 the second-order elastic
constants together with Young’s modulus, shear modulus, and
Poisson’s ratio values. Our LDA and GGA SOECs estimations
of CaFI have underestimated these constants in comparison
with the RPA calculations. For example, the C11 value is
around 90.26 and 95.75 GPa with LDA and GGA, respectively.
While the HSE functional increases the LDA and GGA
calculations, it also underestimates SOECs, as mentioned in
Table 2. Here we compare our LDA, GGA, HSE calculations
with our RPA results because the RPA approach is the best
means to represent the elastic constants.61 Also, note that in
RPA the exact-exchange energy cancels the spurious self-
interaction error present in the Hartree energy exactly.
Additionally, the RPA correlation energy can be observed as
the simplest approximation within the exact formulation of
electronic correlation energy in terms of the adiabatic
connection and the pairing matrix. As noted in Table 2, the
values of SOECs contented the criteria (see SI), which implies
that the CaFI 2D monolayer is elastically stable. The C11
elastic constants value is around 101.69 GPa, which explains
that this sheet has high incompressibility under uniaxial stress
along the crystallographic axis (ϵ11). The SOECs constants are
established from total energy estimates of single-crystal
physical behavior regularly. In this situation, we have used
the values of SOECs to describe mechanical parameters like
Young’s modulus with DFT and RPA. During our
computations, we have determined the Voigt−Reuss−Hill
values to identify the precise quantities of the mechanical
properties. Table 2 sums the results of the bulk modulus, shear
modulus, Young’s modulus, and Poisson’s ratio. Hither, we
have detected that the LDA predictions underestimate GVRH
and EVRH by around ∼6 and ∼15 GPa, respectively, in
comparison with the RPA computations. Besides, the GGA
calculations underestimate GVRH and EVRH by about ∼3 and ∼9
GPa, respectively. The HSE computations are increasing the
LDA and GGA results and they underestimate GVRH and EVRH

Table 2. CaFI Monolayer Second-Order Elastic Constants and Mechanical Characteristics in GPa

C11 C12 C13 C66 C33 C44 GVRH νVRH EVRH BVRH

LDA 90.26 29.35 55.78 39.59 80.51 20.80 21.72 0.33 58.123 59.77
GGA 95.75 33.00 58.45 42.69 90.45 22.45 24.27 0.33 64.65 64.04
HSE 96.00 35.50 60.40 45.70 95.50 22.65 24.87 0.33 66.28 65.86
RPA 101.69 40.50 65.75 50.12 99.79 29.45 27.87 0.32 73.96 71.13

Table 3. Third-Order Elastic Constants in GPa of CaFI Monolayer

C111 C112 C113 C123 C133 C144 C155 C166 C333 C344 C366 C456

LDA −282 −410 12 −350 −380 −210 −290 −320 −880 −195 −243 310
GGA −279 −398 20 −347 −371 −198 −274 −310 −860 −178 −239 325
HSE −260 −395 35 −331 −365 −189 −265 −300 −851 −171 −222 330
RPA −245 −385 47 −325 −345 −174 −240 −287 −854 −150 −220 348
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by around 2 and 6 GPa always in comparison with the RPA
calculations. TOECs estimated of CaFCI monolayer are
depicted in Table 3, employing DFT and RPA computations.
The third-order elastic constants are suitable for determining a
variety of thermodynamic conductivities that are related to the
anharmonic character of the lattice electric potential. As
SOECs, the RPA approach corrects the LDA, GGA, and HSE
estimations, for instance, we obtained the C111 and C112 values
are approximately −245 and −385 GPa (RPA), respectively.
We highly expect the RPA calculations to be very close to the
experimental results. We note that there are no experimental or
theoretical values for this compound about SOECs and
TOECs. In Figure 10, we outline Young’s modulus and
Poisson’s ratio of CaFI monolayer with the RPA predictions in
three-dimensional (3D) plot, as well as two-dimensional (2D)
projections on the (xy), (xz), and (yz) planes. It also consists
of the analysis by presenting the minimum and maximum
Young’s modulus values, which are approximately −60 and 60
GPa, accordingly. Following that, we have employed optical
and elastic properties to figure CaFI longitudinal acoustic (LA)
phonon dispersion. Because the transverse mode does not
appear for 180° backscattering in the experimental study,62

only the longitudinal acoustic mode was explored. Numerous
investigations on the dispersion of the longitudinal acoustic
mode propagating along the [001] crystal axis in semi-
conductors have been published in the literature. Stoddart et
al.,63 for example, proposed a reasoned method to partially
resolve the systematic inaccuracy between surface Brillouin
spectroscopy and ultrasonic measurements. Kuok et al.62

calculated the LA mode velocities of silicon (Si) and
germanium (Ge) using Brillouin spectroscopy data and
published measurements of their complicated refractive
indices. In this regard, we have investigated the wave vector
q of the CaFI monolayer longitudinal acoustic mode. From the
computed acoustic phonon dispersion,62 the wave velocity of
the LA phonon propagating in the (001) direction was
resolved at hypersonic frequencies. Here, the optical constants
are utilized to calculate sound velocities. Principal, we have
calculated the wavelengths λ (nm) from the energies, which are
shown in the absorption coefficient spectrum Figure 8. Next,
using the medium’s complex refractive index values Figure 9,
we have computed for each wavelength its wave vector (q),

employing the equations, which are presented in SI. In Table 4,
we present λ (nm) and the phonon frequencies (THz)

together with the phonon wave vectors, using the BSE method.
As mentioned for silicon and germanium in refs.,64,65 we have
also computed the phonon wave vectors in two sets (A and H),
using η and κ values. Besides, we have studied the LA phonon
frequencies against the two sets of phonon wave vectors, as
shown in Table 4. The maximum match was obtained for the
set H of wave vectors and when the origin is implicated, as
shown in Table 5. We have demonstrated that the set H of
wave vectors received excellent fits. We have revealed that the
corresponding fitted lines have gradients (taking into
consideration all mistakes below) of 1351.20 ± 4.0 (A) and
1346.50 ± 2.1 (H) Hz/m−1, resulting in values of 8394 ± 60
m/s and 8387 ± 10 m/s for appropriate with and without the
origin, respectively, for the velocity of its LA mode propagating

Figure 10. Young’s modulus and Poisson’s ratio of CaFI monolayer are spatially dependent.

Table 4. Wavelengths, Refractive Index (η and κ), and
Observed Frequencies of the Brillouin Peaks in the CaFI
Sheet Together with the Corresponding Wave Vectors

CaFI monolayer

λ (nm) η κ
frequency
(THz)

wave vector A
(105 cm−1)

wave vector H
(105 cm−1)

174.92 1.72 0.11 3.10 12.37 12.48
207.11 1.61 0.10 2.75 9.78 9.88
276.00 1.54 0.048 2.50 7.00 7.12
354.48 1.44 0.038 2.10 5.00 5.11
414.00 1.43 0.035 2.00 4.34 4.45
496.80 1.41 0.031 1.80 3.56 3.67

Table 5. Results from Linear Fit (R Is the Agreement Factor
with R = 1 Signifying a Ideal Fit), ν(GHz) = Fq + b, to the
CaFI Dispersion Curves Obtained from the Data in Table 4

CaFI monolayer

slope (F in GHz cm) constant (b in GHz) R

set A 13.51 −0.090 0.9999
±0.04 ±0.942

set H 13.46 −0.050 1
±0.021 ±0.02
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in the CaFI monolayer. We have noted that the longitudinal
acoustic wave velocity value in our sheet is greater than the LA
wave velocity experimental value in Ge.62,66,67 Additionally, the
velocity calculated by McSkimin and Andreatch67 using
ultrasonic measurements on n-type 45 Ωcm at 20 MHz
(Ge) is higher than the velocity predicted by BSE. A noticeable
point is that the experience has demonstrated that the wave
velocities of the bulk and surface acoustic modes in opaque
materials obtained via inelastic light scattering are frequently
lower than identical obtained values by ultrasonic techniques.
In parallel, the dispersion curves, with wave vectors based for
the own LA modes in CaFI, are illustrated in Figure 11. The
designer notes that the linear fit, which corresponds to the
formation and removal of the origin, matches the graphical
scales employed.

■ CONCLUSION
In summary, we have computed the structural, vibrational,
electronic, optical, and elastic properties of a new CaFI thin
film, using DFT and beyond with GW, RPA, and BSE
approaches. The indirect GW band gap energy value of this
layer is 6.52 eV, which is greater than the band gap value
obtained of PbFCl (6.38 eV with GW), ScOI, and InOF (4.0
eV with HSE) 2D monolayers. Because the spectra begin with
a value difference of 0 eV, we established that the absorption
coefficient spectrum of the CaFI depicts the semiconductor
character of this film. With the BSE methodology, this layer
has an excellent absorption coefficient in the 2.50−7.00 eV
area. As a result, we have discovered that when the frequency
of the incoming light is greater than the photon energy (6.50
eV), the material investigated here becomes translucent. Also,
we have obtained R increases to about 0.107% (6.9 eV), then
starts to decrease. SOECS, TOECs, Young’s modulus, shear
modulus, and Poisson’s ratio values are all adequately
represented. We also used optical and elastic properties to
investigate CaFI LA phonon dispersion. In this context, we
have shown that the longitudinal acoustic wave velocity in our
sheet is greater than the LA wave velocity of Ge obtained using
Brillouin or ultrasonic techniques. Exfoliation, we believe, will
provide this material to experimenters. As a consequence, it
can be used in the manufacturing of different devices, notably

optical computers. What stands out about this work is that it
has a wide gap but still qualifies as a semiconductor. We
believe that the CaFI monolayer primarily offers up new
possibilities in field-effect transistors, an emerging field that
differs from traditional electronics in that it leverages the
electron’s quantum spin characteristic in addition to its
electrical current.
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