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Abstract

This study investigates the structural, electronic, and optical properties of FeAs(1 – x)La(x) alloys x = 0, 0.25, 0.5, 0.75, 1 using the FP-LAPW
method within the framework of density functional theory (DFT). The lattice parameter, bulk modulus, and its derivative were determined through
Murnaghan’s equation of state, revealing deviations from Vegard’s law with increasing lanthanum concentration. Analysis of the electronic
band structure and refractive indices highlights changes in the band gap, while energy-volume relationships indicate stability in the Zinc-Blende
structure. Further exploration of the orthorhombic phase is suggested to confirm the structural properties. Doping FeAs with rare-earth elements
introduces significant challenges due to disparities in ionic size, charge, and chemical behavior, yet it can profoundly impact structural, electronic,
and superconducting properties such as charge carrier density and lattice parameters. The results emphasize the importance of precise control over
doping concentrations and preparation techniques to achieve stable compounds. This theoretical work underscores the potential of FeAs-based
materials for advanced applications, paving the way for further experimental validation.
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1. Introduction

The iron-arsenide-lanthanum FeAs(1 – x)La(x) alloys have
attracted significant interest due to their promising applications
in electronics and superconducting devices [1–5]. These alloys
exhibit tunable electronic properties with varying lanthanum
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concentration, making them suitable for diverse applications
[6]. They are characterized by high electron mobility, low car-
rier concentration, and good thermal stability, which make them
ideal for advanced technologies such as superconductors and
electronic sensors [7–10]. The current research focuses on in-
vestigating their structural, electronic, optical, thermodynamic,
and elastic properties using first-principles calculations, aiming
to understand their potential in advanced optical and electronic
devices [11–14]. Over the past two decades, high-temperature
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superconductivity in copper oxides captured significant scien-
tific interest and spurred extensive research. More recently, the
discovery of superconductivity in iron-based pnictide oxides
has similarly attracted attention. In February 2008, researchers
from the Tokyo Institute of Technology revealed that fluorine-
doped lanthanum oxide iron arsenide LaFeAsOF exhibited su-
perconductivity at 24 K [15]. Subsequent studies quickly im-
proved the critical temperature (Tc) by substituting lanthanum
with other rare-earth elements. For instance, replacing La with
cerium raised Tc to 41 K, while samarium substitution further
increased it to 55 K. These rapid advancements demonstrated
the potential of rare-earth doping to significantly enhance the
superconducting properties of iron-based materials. Lanthanum
from the rare earth family was selected to be added to the FeAs
compound from the 111 structural type to explore the properties
of the ternary compound and identify its potential applications
[16, 17]. The study investigates the structural, electronic, and
optical properties of FeAs(1 – x)La(x) alloys using DFT. Stabil-
ity in the Zinc-Blende structure is suggested by energy-volume
behavior, but further exploration in the orthorhombic structure
is necessary. Proper doping significantly impacts structural,
electronic, and superconducting properties, highlighting the po-
tential of these compounds.

2. Calculation method

The calculations were performed using the FP-LAPW
method to solve the Kohn–Sham equations self-consistently
within Density Functional Theory (DFT) using the WIEN2k
software [18]. Three different exchange-correlation approxi-
mations were employed: LDA, PBE-GGA, and WC-GGA, to
compare structural properties [19]. It was observed that the
GGA overestimates the lattice parameter and underestimates
the band gap, while the LDA underestimates both the lattice pa-
rameter and the band gap but overestimates the bulk modulus.
In contrast, the WC-GGA results fall between those of LDA and
GGA [20–23]. However, all these approximations significantly
underestimate the band gap. Meanwhile, the improved TB-mBJ
approach has been shown to calculate electronic properties with
greater accuracy, as in [24, 25]. For the electronic and optical
calculations, denser k-point meshes were used, consisting of
2000 K points for the binary compounds and 50 K-points for
the ternary alloys [26]. Furthermore, the inner shell electrons
of Fe, As, and La were distinguished from their valence elec-
trons. The iron Fe atom has an inner-shell configuration of (1s2

2s2 2p6 3s2 3p6) and a valence configuration of (4s2 3d6). The
arsenic As atom has an inner-shell configuration of (1s2 2s2 2p6

3s2 3p6 3d10) and a valence configuration of (4s2 4p3). Lastly,
the lanthanum (La) atom has an inner-shell configuration of (1s2

2s2 2p6 3s2 3p6 5s2 3d10 4s2 4p6 4d10 5s2 5p6) and a valence
configuration of (5d1 6s2).

3. Structural properties

The equilibrium structural parameters of the
FeAs(1 – x)La(x) ternary alloys in the zinc-blende (ZB)

structure, including the lattice parameter (a), bulk modulus (B)
and its pressure derivative (B’), were determined by fitting the
total energy versus volume to Murnaghan’s equation of state
(EOS) [27], as shown in Figure 1.

Table 1 summarizes the calculated structural parameters of
the examined alloys, using both PBE GGA, WC-GGA and PW-
LDA techniques. The obtained results are in good agreement
with theoretical data [28].

The lattice parameter (a) increases with the rising concen-
tration of lanthanum (La) in the alloys, ranging from 5.2607 Å
for FeAs to 5.7774 Å for FeLa, indicating a significant expan-
sion of the crystal lattice due to the larger atomic size of lan-
thanum [11, 12]. In contrast, the bulk modulus (B) and its
derivative (B’) decrease with increasing lanthanum content, re-
flecting a reduction in material stiffness [5, 29]. For instance,
in the PBE-GGA method, the bulk modulus decreases from
116.7933 GPa for FeAs to 38.8606 GPa for FeLa. Addition-
ally, the PW-LDA method shows notable differences, record-
ing higher bulk modulus values at certain La concentrations,
which may require further verification of its accuracy. The re-
sults highlight how composition affects mechanical properties,
as the alloys become less rigid with more lanthanum, indicat-
ing changes in atomic bonding. Variations of the lattice con-
stant and bulk modulus versus the La concentration x for the
ZB FeAs(1x)La(x) are plotted in Figure 2.

Figure 2 illustrates the relationship between the composi-
tion xx of the FeAs(1 – x)La(x) compound and the lattice pa-
rameter across different computational methods. The data show
a general increase in the lattice parameter as the value of xx
rises, indicating that the introduction of lanthanum (La) into
the FeAs structure leads to an expansion of the crystal lattice
due to the larger atomic size of La. The three computational
methods PBE-GGA, WC-GGA, and PW-LDA yield different
results, with PBE GGA giving the highest lattice parameters,
PW-LDA the lowest while WC method provides intermediate
values. The lattice parameter ranges from 5.232 Å for FeAs at
x = 0 to 5.464 Å for FeLa at x = 1 using PBE-GGA. These
trends suggest that increasing lanthanum content expands the
lattice, potentially affecting the electronic, magnetic, and op-
tical properties of the material. Figure 3 shows that as Lan-
thanum (La) concentration increases in the FeAs(1 – x)La(x)
compound, the FeAs(1 – x)La(x)The PBE-GGA method yields
the highest bulk modulus values, while PW-LDA gives the low-
est, especially at higher La concentrations. The most significant
decrease occurs when transitioning from pure FeAs (x = 0) to
FeAs75La25 (x = 0.75), where the bulk modulus drops from
116 GPa to 53 GPa. These trends suggest that the mechanical
properties of the compound can be adjusted by varying the com-
position, which is useful for applications in superconductivity
and structural materials.
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Figure 1: Energy versus the volume at equilibrium of the FeAs(1 – x)La(x) for the concentrations (a) x=0, (b) x=1, (c) x=0.25, (d)
x=0.5 and (e) x=0.75 from WC-GGA.
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Table 1: Comparison of lattice parameter a, bulk modulus B, and its derivative B′ for different methods.

Methods PBE-GGA WC-GGA PW-LDA
Parameters a(A°) B(GPa) B’ a(A°) B(GPa) B’ a(A°) B(GPa) B’

FeAs 5.2607 116.7933 3.9532 5.2002 141.0037 1.1059 5.1442 142.8474 4.7837
FeAs75La25 5.4990 87.0610 5.7166 5.4254 100.7044 5.6940 5.3661 137.5969 8.3214
FeAs50La50 5.7099 64.6193 5.2027 5.6259 78.0434 3.8479 5.5526 84.0881 4.8472
FeAs25La75 5.9215 53.0414 4.1704 5.8155 59.9155 4.7642 5.7345 66.6649 4.7676

FeLa 5.7774 38.8606 5.8721 5.6331 60.2253 6.7472 5.5357 77.8563 8.4735
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Figure 2: Variation of the lattice constant versus composition,
x of the FeAs(1 – x)La(x).
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Figure 3: Variation of the bulk modulus versus composition, x
of the FeAs(1 – x)La(x) alloy.

4. Electronic properties

The electronic band structure and density of states (DOS) of
the FeAs(1 – x)La(x) alloy are investigated. The band structure
energies calculated using the PBE-GGA approach indicated a
direct band gap positioned at the gamma Γ symmetry point in
the range of the concentration, x = 0.00, 0.25, 0.50, 0.75 [14]
[30]. The band gap energies calculated using the PBE-GGA,
WC- GGA and PW-LDA approximations for the binary FeAs,
FeLa compounds and their ternary FeAs(1 – x)La(x) alloy are
listed in Table 2.

This table analyzes the total energy and energy differences
between various states for FeAs and its lanthanum (La) alloys
using PBE, WC, and LDA methods. FeAs has the highest en-
ergy values, indicating its stability. As lanthanum is added, the
total energy and energy differences decrease, reflecting changes
in electronic and bonding properties. WC and LDA methods
give slightly higher energy values than PBE, but all three meth-
ods provide reliable results. Energy differences between states
decrease with increasing La content, but the (γ) state remains
more stable than the x state. These findings suggest that intro-
ducing lanthanum modifies the energetic properties of the al-
loys . On the other hand, the variations of the direct and indirect
band gaps energies with concentration x for the FeAs(1 – x)La
(x) compound are illustrated in Figure 4.

5. Density of states

Figure 5 illustrate the total density of states (DOS) shows
significant peaks at 0 eV and 4 eV, indicating a high density of
available electronic states at these levels. The main contributors
to the DOS are the electronic states from the 1d sublevel of iron
(Fe) and the 2d sublevel of lanthanum (La), which play a key
role in the material’s electronic properties [6] [29]. In contrast,
the contributions from the 1s and 2s sublevels are minimal, sug-
gesting they have little impact on the electronic characteristics
of the material.

Figure 6. Illustrate the total density of states (DOS), and
shows significant peaks at 0 eV and 4 eV, indicating a high den-
sity of electronic states at these levels. The main contributors to
the DOS are the 1d sublevel of iron (Fe) and the 2d sublevel of
lanthanum (La), which significantly shape the material’s elec-
tronic properties. In contrast, the contributions from the 1s and
2s sublevels are minimal, suggesting that they have little effect
on the electronic characteristics of the material.
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Table 2: Band gap energies of binary compounds FeAs, FeLa and ternary FeAs(1−x)La(x) alloys.

Energy (e.V) Eγ−γ (e.v) Eγ−x (e.v)
Methods PBE WC LDA PBE WC LDA
FeAs 0.99427 1.00583 1.00583 1.62630 1.64522 1.64522
FeAs75La25 0.52363 0.53074 0.53660 0.82595 0.83716 0.84641
FeAs50La50 0.50429 0.51182 0.51182 0.79545 0.80732 0.80732
FeAs25La75 0.48627 0.49514 0.50213 0.76702 0.78100 0.79203
FeLa 0.90534 0.92854 0.94487 1.48085 1.511878 1.54550

The electronic activity is mainly concentrated between -2
and 3 eV, with a peak at 1 eV and a density around 5. Iron
shows significant activity between 0 and 2 eV, with a peak at
2 eV and a density of about 4, indicating its key role near the
Fermi level. Arsenic exhibits a broader activity range from -4
to 4 eV, with a peak at 2 eV. Lanthanum has limited activity,
mostly between 0 and 3 eV, with a peak at 2 eV and a den-
sity of up to 1.5. These findings suggest metallic or conductive
behavior, driven primarily by iron and arsenic, with a minor
contribution from Lanthanum as mentioned in Figure 7.
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Figure 4: Direct and indirect band gap energies as function of
composition of the ternary alloy FeAs(1 – x)La(x).

6. Optical properties

The comparison of the real part of the dielectric constant
(ϵ1) for FeAs and FeLa reveals distinct behaviors over an en-
ergy range up to 14 eV. FeAs shows a strong peak at 11 eV,
reaching 75 eV, indicating a robust ability to store electric en-
ergy, while FeLa has a weaker peak below 50 in the same re-
gion. In the mid-energy range (22 eV to 88 eV) , both materials
experience a sharp decline in ϵ1 values, approaching zero at
times, with FeLa maintaining relatively higher values, reflect-
ing differences in electronic structures. Beyond 88 eV, ϵ1 stabi-

lizes near zero for both materials, indicating minimal response
to electric fields.
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Figure 5: Total and partial DOS of FeAs.
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FeAs is well-suited for energy storage or low-frequency ap-
plications due to its strong low-energy response, while FeLa
broader stability favors applications requiring diverse energy
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Figure 7: Total and partial DOS of FeLa.

ranges. These results (Figure 8) highlight the need for fur-
ther study on the effects of thermal and pressure conditions to
better understand the dynamic properties of these materials.
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Figure 8: Real parts of binary FeAs and FeLa compound.

The Figure 9 compares the dielectric properties (ϵ2) of
FeAs and FeLa over an energy range up to 14 eV. FeAs

shows a strong peak at 11 eV, indicating concentrated elec-
tronic transitions, while FeLa displays more dispersed behav-
ior with less distinct peaks. In the mid-energy range 22 eV
to 88 eV, FeLa exhibits more complex features with multiple
small peaks, whereas FeAs remains stable. At higher energies
(above 88 eV), both materials show a gradual decrease in ϵ2,
with FeLa maintaining slightly higher values.
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Figure 9: Imaginary parts of binary FeAs and FeLa compound.

FeAs demonstrates high absorption at low energies, mak-
ing it suitable for electronic absorption applications, while FeLa
broader absorption range favors applications requiring extended
energy responses. These differences arise from their distinct
electronic structures. Further studies are recommended to opti-
mize their use in electronics and photonics [31] [32].
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Figure 10: Refractive indices of binary FeAs and FeLa com-
pound.

The Figure 10 compares the refractive index (n) of FeAs
and FeLa over an energy range up to 14 eV. At low energies,
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both materials have high refractive indices, with FeAs reach-
ing around 9 and FeLa around 8 at 11 eV, indicating FeAs has
a stronger ability to slow light. Between 22 and 88 eV, both
materials show a gradual decrease in the refractive index, with
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Figure 11: Real parts of ternary FeAs(1 – x)La(x) where:
x=0.25,0.50 and 1.
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Figure 12: Real parts of ternary FeAs(1 – x)La(x) where:
x=0.25,0.50 and 1.

FeAs maintaining higher values, reflecting a stronger opti-
cal response. Above 88 eV, both materials’ refractive indices
approach zero, indicating a weakened effect.

One can conclude that FeAs is more suitable for appli-
cations requiring control over light speed or reduced optical
losses, while FeLa stable decrease makes it better for applica-
tions needing consistent optical properties across a wide energy
range.

Figure 11 shows the relationship between the real part
of the dielectric constant (ϵ1) and energy for the com-

pound FeAs(1 – x)La(x) at different concentrations of La (x =
25, 50, 75). At low energies (< 2 eV), the dielectric constant is
high but rapidly decreases as energy increases, with the curves
converging and approaching zero after 2 eV. The dielectric con-
stant at low energies is lower for the x = 25 curve compared to
x = 75, indicating the effect of chemical composition on the
material’s response.

The high dielectric constant at low energies may be due to
conduction or ionization effects, while the stability at higher
energies suggests that the valence electrons are no longer im-
pacted. The Lanthanum concentration significantly influences
electrical properties, potentially enhancing conductivity or al-
tering the electronic structure.

Figure 12 illustrates the imaginary part of the dielectric
function (ϵ2) for FeAs(1 – x)La(x) at different lanthanum con-
centrations (x =25%, 50% and 75%). It shows that as lan-
thanum concentration increases, the dielectric function de-
creases, especially at higher energies (2-4 eV). The peak near 0
eV, indicative of electronic transitions near the Fermi level, de-
creases in magnitude and shifts with higher lanthanum content.
At x = 25%, electronic activity is highest, while at x = 75%,
it is lowest, suggesting that lanthanum incorporation reduces
electronic activity. These findings imply that lanthanum sub-
stitution alters the electronic properties of the material, which
may be relevant for optoelectronics or superconductivity.

The Figure 13 shows the relationship between the refrac-
tive index (n) and energy for FeAs(1 – x)La(x) at different La
concentrations (x = 25, 50, 75). At low energies (< 2 eV), the
refractive index is higher, especially for x = 50 and 75, in-
dicating stronger light interaction. The x = 25 curve shows
lower values, highlighting the impact of chemical composition
on light propagation. As energy increases, the refractive in-
dex decreases for all concentrations, with the material becom-
ing less interactive with light. These findings are important for
applications requiring refractive index control, such as optical
coatings and anti-reflective materials [26] [33].
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Figure 13: Refractive indices of ternary alloys FeAs(1 – x)La(x)
for compositions (x = 0.25, 0.5 and 0.75).
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7. Conclusion

This theoretical study investigated the feasibility of doping
the FeAs compound with rare-earth elements of the 111 struc-
tural type, aiming to achieve a stable compound with novel
superconducting or magnetic properties. The findings demon-
strated the stability of the FeAs(1 – x)La(x) system with a zinc-
blende structure. Incorporating lanthanum, due to its larger
atomic size, results in an expansion of the crystal lattice, signif-
icantly affecting the material’s physical properties. These mod-
ifications are particularly relevant for potential applications in
fields such as superconductivity and magnetism. Additionally,
the study highlighted the critical role of computational meth-
ods in accurately characterizing the structure and mechanical
properties of these materials. The observed differences be-
tween methods underscore the importance of selecting appro-
priate techniques to ensure reliable results for future research
and applications.

The impact of lanthanum doping on the lattice parameter,
specifically the expansion caused by larger ”La” atoms, pro-
vides valuable insights for future studies focusing on the phys-
ical properties and technological applications of FeAs-based
materials. Notably, for FeAs(1 – x)La(x) compositions (x =
0.25, 0.5, and 0.75), no prior theoretical or experimental data
are available, making this study the first to predict their proper-
ties.

Looking ahead, exploring this system in an orthorhombic
structure is recommended to identify the most stable configu-
ration and to deepen the understanding of its structural, elec-
tronic, and mechanical properties.
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