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1. Introduction

The study of CaFe,As;, a compound in the family of iron-based superconductors,
represents a pivotal focus in condensed matter physics due to the unique proper-
ties that iron-pnictide materials exhibit, including high-temperature supercon-
ductivity, magnetic ordering and a range of intriguing phase transitions. Discov-
ered in 2008 as part of the larger class of iron-based superconductors, CaFe,As,

has provided valuable insights into the mechanisms of unconventional supercon-

DOI: 10.4236/0jm.2025.152002 Mar. 26, 2025 25 Open Journal of Microphysics


https://www.scirp.org/journal/ojm
https://doi.org/10.4236/ojm.2025.152002
http://www.scirp.org
https://www.scirp.org/
https://doi.org/10.4236/ojm.2025.152002
http://creativecommons.org/licenses/by/4.0/

C. 0. Otieno et al.

ductivity, where electron pairing is influenced by magnetic interactions rather
than the phonon-mediated pairing seen in traditional superconductors. This has
made CaFe,As, and related materials a key research area for scientists exploring
new pathways for high-temperature superconductivity and its potential applica-
tions in energy-efficient technologies and quantum computing.

CaFe,As; belongs to the “122” family of iron arsenides, formulated as AFe,As,
where A represents an alkaline earth metal such as Calcium (Ca), Strontium (Sr),
Barium (Ba) or Europium (Eu) [1] [2]. The 122 family of compounds crystallizes
in a ThCr,Si,-type structure with a tetragonal lattice at room temperature [3], in
which layers of FeAs alternate with layers of alkaline earth metals. This layered
structure is central to the material’s behavior, as it supports a quasi-two-dimen-
sional electronic environment where magnetic and electronic interactions are
strongly coupled. This lattice structure is also highly adaptable to external influ-
ences like pressure and doping, which are known to induce transitions between
various structural, magnetic and superconducting phases, making CaFe;As, an
ideal system for studying the intricate relationship between structure, magnetism
and superconductivity.

One of the most defining features of CaFe,As; is its magnetic and structural
transitions, which occur simultaneously around 170 K under ambient conditions
[4]. At this temperature, CaFe;As, undergoes a first-order phase transition from
a high-temperature paramagnetic tetragonal phase to a low-temperature ortho-
rhombic phase accompanied by antiferromagnetic spin ordering, known as spin-
density wave (SDW) ordering. This transition from a paramagnetic to an antifer-
romagnetic state reflects strong magnetic interactions within the FeAs layers, a
characteristic shared among iron-based superconductors, where magnetism is
deeply connected to the emergence of superconductivity [5]. The sensitivity of this
transition to external pressure and chemical doping highlights the tunable nature
of CaFe,As, providing a versatile platform for examining how magnetic ordering
influences superconducting properties.

An especially intriguing aspect of CaFe,As;, is the so-called “collapsed tetrago-
nal” phase, which occurs under moderate hydrostatic pressures. In this phase, the
lattice structure along the c-axis is significantly compressed, effectively reducing
the spacing between FeAs layers and weakening magnetic interactions between
the iron atoms [6] [7]. This pressure-induced structural collapse suppresses the
antiferromagnetic order and in turn, allows superconductivity to emerge at low
temperatures. The ability to induce superconductivity by external pressure rather
than chemical alteration sets CaFe,As, apart from many other superconducting
systems, offering a unique view into the role of lattice structure and magnetism in
stabilizing superconducting states.

The electronic structure of CaFe,As; is integral to understanding its supercon-
ducting properties, as well as its magnetic behavior. The compound’s Fermi sur-
face, which describes the collection of electronic states at the material’s surface,

consists of multiple hole and electron pockets primarily associated with Fe 3d or-
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bitals. These orbitals, situated within the FeAs layers are responsible for creating
quasi-two-dimensional conduction pathways and play a central role in the mate-
rial’s electronic interactions [7] [8]. The Fermi surface of CaFe,As, is known to
exhibit nesting features, where electron and hole pockets align in a way that am-
plifies magnetic interactions, fostering the spin-density wave (SDW) ordering
seen at low temperatures.

When CaFe,As; is subjected to external pressure or chemical doping, modifica-
tions to the Fermi surface topology directly impact its magnetic and supercon-
ducting properties. By altering the electronic band structure, researchers can sup-
press magnetic ordering, enhance superconducting pairing or even induce new
phases. This tunability of the electronic structure and Fermi surface is a hallmark
of CaFe;As, making it a prime candidate for experiments seeking to unveil the
relationship between electronic interactions and superconductivity in iron-based
materials.

One of the major areas of interest in the study of CaFe,As; is its pressure-in-
duced superconductivity. While CaFe;As, does not exhibit superconductivity at
ambient pressure, it becomes superconducting at temperatures around 12 K un-
der hydrostatic pressures of approximately 0.4 to 0.8 GPa [1] [8]. This transition
is accompanied by the collapse of the tetragonal structure and the suppression of
antiferromagnetic ordering, emphasizing how closely superconductivity is tied to
structural and magnetic properties in this material. This behavior parallels trends
seen in other iron-based superconductors, where external parameters such as
pressure or doping tune the magnetic interactions to favor superconductivity.

Chemical doping provides an alternative means of exploring phase transitions
in CaFe,;As,. Substituting atoms within the structure such as replacing Ca with
other elements (Sr or Ba) or doping Fe sites with transition metals like Co or Ni
alters the material’s electronic environment and carrier concentration, which can
suppress magnetic ordering and promote superconductivity [9] [10]. Studies in-
volving doping highlight the flexibility of CaFe,As; in adapting its electronic and
magnetic landscape, allowing researchers to probe the effects of electron correla-
tions and lattice changes on its superconducting behavior.

CaFe,As; has become a model compound in the study of iron-based supercon-
ductors, particularly because of its unique sensitivity to structural, magnetic and
electronic modifications. By examining CaFe,As,, scientists are able to gain in-
sights into the mechanisms that drive high-temperature superconductivity in iron
pnictides including the role of magnetic fluctuations, electron correlations and
structural transitions. The research findings on CaFe,;As, contribute significantly
to the development of theoretical models describing unconventional supercon-
ductivity and may inspire the synthesis of new materials with enhanced supercon-
ducting properties.

As the field advances, CaFe,As; continues to provide a crucial testing ground
for understanding the fundamental physics of superconductivity in iron-based

materials. Ongoing studies leveraging advanced experimental techniques such as
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neutron scattering, angle-resolved photoemission spectroscopy (ARPES) and
muon spin rotation (uSR) along with theoretical approaches like density func-
tional theory (DFT) and dynamical mean-field theory (DMFT), promise to
deepen our understanding of this fascinating material and its potential applica-

tions in next-generation technologies [11].

2. Computational Methodology

THERMO_PW is a tool used in conjunction with Quantum ESPRESSO for first-
principles thermomechanical property calculations based on Density Functional
Theory (DFT). It evaluates elastic constants, bulk modulus, Young’s modulus,
Poisson’s ratio and thermal expansion coefficients, which are crucial for under-
standing mechanical stability in CaFe,As,.

The program applies small deformations to the equilibrium crystal structure
and calculates the resulting stress tensor using DFT. The elastic constants C; are
derived from the linear relation between stress and strain.

CaFe,As; undergoes structural and magnetic phase transitions at different tem-
peratures. The thermal expansion coefficient obtained via QHA helps understand
how lattice parameters change with temperature, influencing mechanical stability.
The tool predicts elastic softening at phase transition temperatures, useful for ma-
terials operating at varying conditions.

THERMO_PW can simulate mechanical behavior under hydrostatic pressure,
critical for understanding pressure-induced phase transitions in CaFe,As,. Pres-
sure affects elastic moduli, bond strength and electronic band structure, influenc-
ing its superconducting properties.

We utilized Density Functional Theory (DFT) and the QUANTUM ESPRESSO
(QE) package to determine the band structure and Density of States (DOS). For
mechanical properties, we used THERMO_PW within the QE framework and the
Projector Augmented Wave (PAW) for its computational efficiency and system-
atic convergence, providing accurate results for ab-initio electronic structure cal-
culations. PAW's effectiveness is attributed to its scalability and precision in han-
dling complex calculations.

The accuracy and reliability of the computed ground state energy and derived
properties (mechanical properties, Spin-resolved density of states (DOS) and
magnetism) depend significantly on the choice of PAW pseudopotential and
plane-wave (PW) basis set.

The Projected Augmented Wave (PAW) method is a modern pseudopotential
approach that improves upon traditional norm-conserving and ultrasoft pseudo-
potentials by efficiently reconstructing all-electron wavefunctions while maintain-
ing computational efficiency. Handling Transition Metals, PAW is particularly
useful for transition metals like Fe, where localized dand forbitals play a crucial
role in bonding, electronic structure and magnetism. Accurate Description of
Core-Valence Interaction, since Ca, Fe and As have strong core-valence interac-

tions, PAW pseudopotentials offer a balance between accuracy and efficiency by
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avoiding explicit treatment of core states while capturing their effects on valence
states. The PW basis also determines the precision of exchange-correlation effects,
which affect the magnetic ground state and spin density distribution.

The PAW method ensures accurate spin polarization, which is critical in cap-
turing the antiferromagnetic (AFM) or paramagnetic (PM) ground state of Fe,As,.

On Mechanical Properties PAW improves structural optimization, ensuring
precise lattice parameters, bulk modulus and elastic constants, which affect phase
stability.

On spin-resolved density of states Density of States (DOS), PAW provides a
better description of the Fe d-states, crucial in determining the metallic nature of
CaFe;As,.

PAW accurately predicts magnetic moments of Fe atoms, crucial for under-
standing spin density and AFM ordering. Proper PW basis selection refines elec-
tronic band structures, ensuring accurate predictions of Fermi surface topology.

The PAW pseudopotential and PW basis set selection play a crucial role in de-
termining the reliability of ground state energy calculations in CaFe,As,. By en-
suring well-converged cutoff energies and k-point sampling, DFT results become
more accurate for structural, electronic and magnetic properties, leading to mean-
ingful physical insights into iron-based superconductors.

Our study relies on first-principle computations to analyze electronic orbitals
[12] [13], where electrons follow Fermi-Dirac statistics and adhere to the Pauli
Exclusion Principle [14] [15]. We use the Born-Oppenheimer approximation to
simplify nuclear and electronic structure calculations by treating them at a fixed
configuration [16] [17]. Due to the complexity of the electronic Schrodinger equa-
tion in systems with many electrons, it is transformed into an algebraic equation
and solved numerically [18]. The Hartree-Fock approximation is used to estimate
electron behavior by considering each electron moving in an average potential,
while post-Hartree-Fock methods account for instantaneous electron correlation
effects [15] [19].

3. Results and Discussions

In this section, we report the results obtained from the computational study.

We optimized the cutoff energy and k-points for convergence, achieving opti-
mal values of 45 Ry and 5 Bohr, respectively. The convergence results are illus-
trated in Figure 1 and Figure 2 below.

Lattice optimization refers to finding the equilibrium lattice parameters that
minimize the total energy of a crystal structure. In computational studies, these
parameters are often unknown or need fine-tuning to match experimental data or
theoretical expectations. By finding the lattice parameters that give the lowest pos-
sible energy, lattice optimization helps identify the most stable (ground state)
crystal structure under specific conditions.

Structural parameters significantly affect a material’s electronic, mechanical

and optical properties. Optimizing the lattice structure ensures that subsequent
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Figure 1. Optimization curve for the energy cut off. Convergence was achieved at 45 Ry.
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Figure 2. Optimization curve for the k-point. Convergence was achieved at k-point 5.

calculations of properties such as band structure, density of states and mechanical
properties are based on a physically realistic model. Incorrect lattice parameters
can lead to higher energy structures, which can skew computational predictions
and result in errors in derived properties.

Convergence testing ensures that calculated results are stable and accurate rel-
ative to certain parameters, reducing errors in predicted material properties. Op-
timally chosen parameters ensure that calculations are efficient, minimizing com-
putational resources and time. Too high a parameter setting can lead to unneces-
sarily long computation times without a significant gain in accuracy, while too
low a setting can cause inaccurate results.

Both optimized lattice parameters and converged calculation settings lead to
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reliable, reproducible results for material properties. For materials with similar
structures having an optimized lattice and convergence baseline helps in compar-
ing stability, electronic structure and other properties accurately. Optimized and
converged calculations provide data that can be compared directly to experi-
mental measurements, helping validate the computational model.

Together, lattice optimization and convergence testing lay a strong foundation
for the computational study of materials, ensuring that the predictions made are

meaningful and applicable in real-world contexts.

4. Structural Properties of CaFe2As:

Calcium iron arsenide (CaFe,As,) is a member of the iron-based superconductors
and crystallizes in a tetragonal structure with the space group 14/mmm [1]. Its
structure features alternating layers of FeAs tetrahedra and Ca atoms. In each
FeAs layer, iron atoms are surrounded by arsenic atoms in a tetrahedral arrange-
ment, forming a planar network of Fe-As bonds [1]. These layers are interspersed
with layers of calcium atoms that sit between the FeAs layers, maintaining the
overall crystalline integrity through weak van der Waals interactions. The distinct
layered arrangement contributes to the material’s electronic properties and super-
conducting potential. This structure is pivotal in facilitating the electron interac-
tions that can lead to superconductivity under certain conditions [1]. The stable

crystal structure is as shown in Figure 3.

Figure 3. Crystal structure of CaFe;As; drawn by quan-
tum espresso Xcrysden package Tetragonal at Stability.
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To optimize the lattice constants and cutoff energy for CaFe,As, to achieve a
stress-free, relaxed structure, we started by selecting an initial crystal structure
from experimental data. We then performed density functional theory (DFT) cal-
culations with varying cutoff energies to determine the point at which the total
energy converged, typically ensuring accuracy to within 10 - 20 meV/atom. Con-
currently, we optimized the lattice constants by allowing both lattice parameters
and atomic positions to adjust until the forces on atoms fell below a threshold of
0.01 eV/A, ensuring minimal stress. Stress tensor components were monitored to
confirm that they approached zero, indicating that the structure was in equilib-
rium. Further validation involved refining the k-point sampling to ensure the re-
sults were consistent and converged, providing a final relaxed structure with ac-
curately optimized lattice constants and no residual stress as shown in Table 1

below.

Table 1. Comparison of experimental and theoretical cell dimensions.

Parameter This work Experimental Reference
a = by (ang) 3.249 3.887 [20]
@ (ang) 7.493 7.5898 [20]

Theoretical values may be less than experimental values and this is possible be-
cause of simplified boundary conditions which sometime oversimplify the system
failing to align fully with experimental set up but our optimized cell parameters
have a very small margin of error hence in good agreement with both experi-
mental and theoretical work.

The tetragonal crystal structure has six elastic constants as recorded in the Ta-
ble 2 below.

Table 2. Elastic constants of CaFe;As..

Cj Value (GPa)
Cu 88.86
Cn 22.58
Cis 28.63
Css 63.51
Cus 25.95
Ces 31.73

In the context of analyzing the elastic constants of CaFe;As;, the discussion
highlights how the material’s response to different types of strain provides insights
into its structural rigidity and bond strength. Specifically, the elastic constants Ci,,
Cis and Cy describe the material’s response to uniaxial strain along the [1 0 0], [0
1 0] and [0 0 1] directions. The observation that C;; > Cs; indicates that the crystal
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is more rigid in the [1 0 0] and [0 1 0] directions compared to the [0 0 1] direction.
This suggests that the Fe-Asbonds in the planes parallel to the [1 0 0] and [0 1 0]
directions are stronger or more resistant to deformation than those in the [0 0 1]
direction, reflecting the in-plane bond strength versus the out-of-plane bond
strength.

Additionally, the comparison of Ces and Cy4 reveals that the shear moduli for
the [1 0 0] and [0 0 1] directions are greater than those for the [1 0 0] and [0 1 0]
directions. This implies that the material is anisotropic in its resistance to shear
deformation in planes aligned with [1 0 0] and [0 0 1] than [1 0 0] and [0 1 0].
Since Ces is greater than Cy, it implies that the shear deformation in the [1 0 0] -
[0 0 1] plane is easier compared to the shear deformation in the [1 0 0] - [0 1 0]
plane. This observation underscores the layered nature of the CaFe,As, crystal
structure, where the in-plane shear responses are more readily accommodated
than out-of-plane shear responses, consistent with the weak interlayer interac-
tions compared to the stronger in-plane bonding. This evaluation of the elastic
constants thus reinforces the understanding of the material’s anisotropic mechan-
ical properties and its layered structural characteristics.

The mechanical stability of a tetragonal crystal structure, such as that of
CaFe;As,, can be effectively assessed using the Born-Huang criteria, which are de-
rived from the general theory of elastic stability [7]. These criteria are based on
the elastic constants of the material and ensure that the structure is stable against
small perturbations or deformations. For a tetragonal system, the Born-Huang
stability criteria are formulated as follows:

1) Stability Conditions:

e Cy; > 0: This condition ensures that the material is stable under uniaxial com-
pression along the [1 0 0] or [0 1 0] directions.

e Cs; > 0: This condition ensures stability under uniaxial compression along the
[0 0 1] direction.

e Cyu > 0: This criterion guarantees that the crystal is stable under shear defor-
mation in the [1 0 0] - [0 1 0] plane.

e Ces > 0: This ensures stability under shear deformation in the [0 0 1] direction.

2) Mechanical Stability Criteria:

e Cy; + Cy; > 0: This condition ensures that the crystal can sustain small pertur-
bations and does not collapse under applied stresses.

e Cy; — Cyi; > 0: This ensures that the crystal remains stable under uniaxial stress
and that the response to such stress is physically plausible.

e Ci + G35 — 2Cy3 > 0: This condition addresses the stability under combined
uniaxial stress along different crystallographic directions.

For CaFe;As,, the application of these criteria involves verifying that the com-
puted elastic constants satisfy the above inequalities. Given that C;; > Cs; and Ces >
Cyu were observed, these conditions suggest mechanical stability in the material.
Specifically, Cy; > Cssindicates greater rigidity in the in-plane directions compared

to the out-of-plane direction, and Ces > Cysreveals that in-plane shear is easier to
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accommodate than out-of-plane shear, reinforcing the layered character of the
crystal.
Ci>0(i=1,3,4,6)
Cii+Cs3—2C;3>0
2(Ci1+Cp2) +C53+4C13>0
Ch-Ci>0

This compound’s elastic constants satisfy all of the above mechanical stability
conditions. Values of C;; hence can be used in the evaluation of Poisson’s and elas-
tic moduli. According to the Voigt approximation criteria, the bulk and shear
moduli isotropy can be acquired by linear combination of elastic constants. With
a different format, Reuss obtains estimates for bulky and shear moduli isotropy
by the use of single crystal elastic constants. Hill confirms that Voigt and Reuss
estimates are lower and upper polycrystalline elastic moduli limits, hence the av-
erages became realistic.

B, + B, G, +G

B= and G= R [21]

Young modulus £and Poisson’s ratio n in relation to bulky modulus and shear

modulus values are tabulated in Table 3 below.

Table 3. Mechanical properties of bulk, shear and Young’s modulus and Poisson.

Voigt Reuss Voigt-Reuss-Hill
Property e .
Approximation Approximation Average
Bulk modulus (B) 44,55 43.88 4421
Young modulus (E) 68.39 66.40 67.40
Shear modulus (G) 27.48 26.60 27.04
Poisson ratio (n) 0.24 0.25 0.25

Shear modulus indicates the strength of the material unlike bulk modulus [22].
G > Bhence CaFe;As; mechanical failure should be corrected by application of
the shear component as B represents resistance to fracture. Pugh’s ratio deter-
mines how ductile or brittle material is [23]. The high value indicates ductility

B
whereas low value indicates brittle nature of the material. For e > 1.75 indicates
ductility otherwise brittle nature [24]. e indicate hardness related inversely

B
whereby the smaller the ratio the harder the material is [1]. For our material E

< 1.75 confirms brittleness nature. Poisson’s ratio (n) assists in the assessment of
the mechanical properties of crystalline solids [25]. Its low value indicates stability
against shear. Additionally, Poisson’s ratio reveals nature of interatomic forces
whereby it ranges between 0.25 to 0.50 for central force interaction and outside

this range for non-central force interaction [26]. According to Poisson ratio ma-
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terials whose ratio is less than 0.26, the material undergoes brittle failure and
above this ratio it undergoes ductile failure. Poisson’s ratio also reveals brittle na-
ture of CaFe,As, Young modulus evaluates resistance against compressive or ex-
pansive forces. From our Table 3 the shear modulus Fis small even smaller than
that of BaPb,As; indicating that CaFe,;As, obviously cannot withstand large tensile
stress.

Cauchy pressure is the difference between Cy; and Cy4 elastic constants [27].
This parameter reveals more about the elastic response and charge density of sol-
ids. Cauchy pressure will indicate ductility or brittleness failure of crystalline sol-
ids. A positive or negative Cauchy pressure indicates ductility or brittleness and
reveals chemical bonds [27]. Positive value indicates metallic bonds while the neg-
ative one indicates covalent bonds. To our study the Cauchy pressure of CaFe,As,
is negative hence our material is brittle with covalent bonding characteristics.

CaFe,As, exhibits strong anisotropy in its structural, mechanical and electronic
properties due to its tetragonal crystal symmetry.

Anisotropic materials have direction-dependent properties, that is, their me-
chanical, thermal and electronic responses vary with orientation. These materials
contrast with isotropic materials, where properties remain the same in all direc-
tions.

In anisotropic materials, stress-strain responses depend on crystal orientation.
In-Plane Direction, strong Fe-As bonds lead to high Young’s modulus in this
plane. Material resists deformation more strongly than along the c-axis.

Plane Direction, strong Fe-As bonds lead to high Young’s modulus in this
plane. Material resists deformation more strongly than along the c-axis. Weak in-
terlayer interactions (van der Waals-like forces) cause low stiffness along c-axis
direction. This results in a lower Young’s modulus, higher compressibility and
easier deformation.

The shear modulus (G) also varies with direction. If shear stress is applied
within the ab-plane, resistance is high. If shear stress is applied across layers (c-
axis shearing), deformation occurs more easily.

On determining whether the material is anisotropic, we made use of the follow-
ing calculation;
5G,
GR

A =

B
+——-6
BR

whereby, if AY = 0 the material would be regarded isotropic. With values drawn
from the table above, our calculations indicates that the material is anisotropic
with a value of 0.1807 which is in agreement with the studies of the parent com-
pound ThCr,Si,.

5. Spin Resolved Magnetism

The following is spin-dependent density of states (DOS) and projected density of
states of stable tetragonal CaFe,As; in the two stripes antiferromagnetic orders in

Figure 4. The Fe atom contain different crystalline environment for different

DOI: 10.4236/0jm.2025.152002

35 Open Journal of Microphysics


https://doi.org/10.4236/ojm.2025.152002

C. 0. Otieno et al.

15 T

magnetic orders and therefore its states are reformed in different ways. The main

peaks occupied states are Fe states.

The output file of the Self Consistency Field (scf) calculation gives the lowest

energies of the different magnetic orderings of CaFe,As,. The total energy in the

ferromagnetic CaFe,As, is —~763.50416881 Ry. From this calculation result, it is

shown that CaFe,As; tetragonal structure at stability is the most stable structure.

The negative energy given in the scf output of scf calculation is an indication that

a positive work needs to be done to remove an electron from an orbit hence pro-

vision of more energy.

The effect of magnetism on the electronic properties of iron pnictide CaFe,As,

can also be given by the calculated electronic density of states [20]. For the elec-

tronic properties, the projected density of states and density of states of tetragonal

CaFe,As; structure are calculated first by not considering magnetism, that is, mag-

netization is set at 0.0 Bohr magneton/cell and later by considering magnetization

parameter. The spin-polarized total density of states and the projected density of

states for the tetragonal CaFe,As, were calculated for magnetic configuration 0.0

and 1.0 Bohr magneton/cell. Considering total and absolute magnetization values

obtained and plotted in the graphs from the density of states output files as shown

in Figure 4, it is clearly shown that the spin contributions are exactly the same on

either side of the mean position. This indicates that the valence bands which are

corresponding to the bonding states are doubly occupied and there is a shift in the

magnetization from 0.0 to 1.0 Bohr magneton/cell in the compound [28]. In anti-

ferromagnetism ordering with magnetization 0.0 Bohr magneton/cell, half of the

atoms contain magnetization that is opposite to magnetization of the other half

and therefore the total magnetization is zero and the contributions of the spins

are the same.

Antiferromagnetic Density of States CaFe,As,

Antiferromagnetic Projected Density of States CaFe,As,
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Figure 4. DOS and PDOS of antiferromagnetic CaFe:As,. Number of electrons with spin-up and spin-down states are the same.

The calculated density of states of ferromagnetic orderings, the spins are ori-

ented parallel to each other minimizing the magnetic energy and the compound
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turns into a strong magnet with respect to external application of magnetic field
[29]. Consequently, for the antiferromagnetic ordering case, the magnetic energy
is minimized when the nearby spins are oriented antiparallel to each other [30].
This is clearly shown by the opposite signs of magnetic interactions to that of fer-
romagnetic [30] [31].

Figure 4 illustrates the changes in the density of states (DOS) for CaFe,As, un-
der ferromagnetic ordering, highlighting a significant difference in the spin pop-
ulations. In the ferromagnetic state, the system exhibits spin polarization, where
one spin channel (typically referred to as “spin-up” or “majority spin”) has a sig-
nificantly larger population than the other (“spin-down” or “minority spin”). This
imbalance in spin populations is a hallmark of ferromagnetism [32].

In this ferromagnetic configuration, the DOS for the two spin channels di-
verges, reflecting that the density of states for each spin is no longer aligned or
equivalent [33]. This splitting of the spin-up and spin-down DOS manifests as two
distinct features in the DOS plot: one for the majority spin and one for the minor-
ity spin. The majority spin channel typically has a higher density of states at the
Fermi level compared to the minority spin channel [34].

This spin-dependent DOS splitting results from the exchange interactions char-
acteristic of ferromagnetic materials, which lead to a higher energy density for the
majority spin electrons and a lower energy density for the minority spin electrons
[35]. Consequently, the Fermi level in the majority spin channel is populated with
more available states for conduction, while the minority spin channel may exhibit
a reduced density of states or even a gap, depending on the material’s specific
electronic structure [36].

The lack of alignment between the spin populations in the ferromagnetic state
highlights the intrinsic magnetic polarization of the material, which has profound
implications for its electronic properties and potential applications. This spin po-
larization is crucial for spintronic devices, where the ability to control and exploit
the spin degree of freedom can lead to enhanced performance and novel function-
alities in electronic and magnetic devices [37]. Figure 5 shows the projected den-
sity of states of CaFe,As, for spin up and spin down in the ferromagnetic order-
ings. It is noted that charge density keeps changing from the application of initial
magnetization.

From Figure 5, it can be observed that the tetragonal CaFe,As, exhibits distinct
electronic properties depending on its magnetic ordering. In the paramagnetic
state, the material displays metallic behavior, as evidenced by the density of states
(DOS) starting at the bottom of the valence band and extending up to the Fermi
level. This configuration indicates that the valence and conduction bands overlap,
allowing for a continuous range of available electronic states at the Fermi level,
which facilitates high electrical conductivity due to the abundance of free electrons.

Conversely, when CaFe,As, undergoes ferromagnetic ordering, its electronic
structure transforms significantly. In this state, the material behaves as a semi-

conductor. The DOS reveals the presence of a small energy gap between the valence
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Figure 5. DOS and PDOS Ferromagnetic CaFe;As,. Number of electrons with spin-up and spin-down states differs.

and conduction bands. This band gap is characterized by the Fermi level lying
within it, which indicates a transition from metallic to semiconducting behavior.
The small gap implies that while the material can conduct electricity, it does so
less efficiently compared to its metallic phase, as fewer electrons are available to
participate in conduction.

These observations highlight the impact of magnetic ordering on the electronic
properties of CaFe;As;. In the paramagnetic phase, the overlap of conduction and
valence bands supports metallic conductivity. In contrast, the ferromagnetic
phase introduces a band gap, transforming the material into a semiconductor with
reduced conductivity. This dual behavior underscores the complex interplay be-
tween magnetic ordering and electronic structure in CaFe,As,, offering insights
into its potential applications in spintronic devices and magnetic semiconduc-
tors.To have a better observation of the effect of magnetization in the projected
density of states is plotted for three different magnetic orderings of tetragonal
CaFe;As,.

6. Conclusions

In conclusion, the structural and mechanical analysis of CaFe,As, reveals signifi-
cant insights into its rigidity, bonding characteristics, and magnetic properties.
The crystal demonstrates greater rigidity along the [1 0 0] and [0 1 0] directions
under uniaxial stress, which highlights the strength of the Fe-As bonds in these
planes compared to the [0 0 1] direction. This directional rigidity indicates robust
in-plane bonding within the material. However, when considering the material’s
brittleness, the Poisson ratio, along with the bulk, shear, and Young’s moduli, sug-
gests that CaFe,As, exhibits brittle behavior, likely due to its covalent bonding
characteristics. This is further supported by the negative Cauchy pressure, which
indicates that the material’s elastic response is consistent with covalent bonding
and brittleness.

The convergence of the calculation with a minimum energy value of 45 eV con-
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firms the stability and accuracy of our structural model. Additionally, the anisot-
ropy of the material was evaluated by calculating the anisotropy parameter A%,
which indicated isotropy in CaFe,As,. This isotropy is in alignment with the prop-
erties of the parent compound ThCr,S;, suggesting similar structural behavior and
symmetry.

Moreover, the application of a magnetic parameter of 1.0 Bohr magneton per
cell reveals that CaFe,As, exhibits ferromagnetic properties, predominantly
driven by the Featoms. This magnetic behavior is crucial as it imparts the material
with the ability to strongly attract other materials, a property that is highly valua-
ble in various chemical and physical applications. The combined insights into me-
chanical rigidity, brittleness, isotropy, and ferromagnetic properties make
CaFe;As; a noteworthy candidate for applications requiring specific mechanical

and magnetic functionalities.

Future Research Prospects and Potential Applications of CaFe:As:

1) High-Temperature Superconductivity Research

Doping Studies: Introducing elements like K, Co, or Ni into CaFe;As, may en-
hance superconducting transition temperatures by modifying band filling and
Fermi surface nesting.

Pressure-Induced Superconductivity: Investigating quantum phase transitions
under pressure could reveal new high-temperature superconducting states.

Electron-Phonon and Spin-Fluctuation Interactions: Further studies on pho-
non-mediated pairing and spin-fluctuation-driven superconductivity could pro-
vide insights into unconventional pairing mechanisms.

2) Application in Electronic and Magnetic Devices

Magneto-Resistance Devices: The tunable magnetic structure of CaFe,As, can
be useful in spintronic applications, where control over magnetization and DOS

can be exploited.
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