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ARTICLE INFO ABSTRACT

Keywords: This study examines the electronic and optical characteristics of WoGaX (X = C, N, and F) MAX phases using first-
MAX phases principles approach. The cohesive energies of WoGaC, WyGaN, and WoGaF are determined as 7.31, 6.40, and
WyGaX

5.05 eV, respectively, demonstrating excellent agreement with existing literature and confirming their stability.
The W-d, Ga-s, and X-p states are symmetrically dispersed across the spin-polarized electronic structures,
resulting in a nonmagnetic metallic behavior of WoGaX. Due to their metallic behavior, they reflect more than 60
% of infrared and up to 50 % of visible light. These compounds demonstrate considerable absorption of infrared,
visible, and ultraviolet (UV) light, with absorption coefficients of approximately ~10% em™!, ~10° cm™, and
~10% cm ™}, respectively. The refractive indices of WoGaX MAX phases remain greater than one for incident light
energies below 10 eV. Additionally, W,GaC shows the highest optical conductivity among the investigated
compounds when exposed to light, making it a promising material for various conduction applications. Our
present study sheds light on the optical and electronic properties of WoGaX MAX phases and highlights their
potential for applications in advanced electronic and optical devices.

First principles approach
Cohesive energy
Electronic structure
Absorption coefficients

1. Introduction

MAX phases refer to a collection of nanolaminate compounds that
maintain thermodynamic stability, and are represented by a generic
chemical formula M 1AX,. M, A, and X are the Transition metals,
Group-A members, and Carbon or Nitrogen [1]. The constituting M, A,
and X atoms govern the behaviour of the MAX phases. Similarly, integer
n in the formula Mp1AX, plays a prominent role in classifying MAX
phases. For instance, for n = 1,2,3, the MAX phases have been classified
into subclasses such as MoAX M3AXj,, and M4AX3 [2]. The MAX phases
exhibit hexagonal crystal symmetry where bonds of metallic nature
associate the M and A atoms. In contrast, M and X atoms are attached by
covalent bonds. Within the unit cell, the M and X atoms are arranged in

* Corresponding authors.

M;+1X;, octahedra sandwiched between the A atomic layers. Hence,
these My, 11X, octahedra and A atomic layers are arranged in a vertically
stacked M—A—M—-X—-M—-A—M-X sequence along c-axis [3].

All the MAX phases are of metallic nature owing to the existence of
metallic bonds among the M and A atoms that make them electrically
conductive. The metallic bonding between the M and A atoms is due to
the presence of partially filled d-orbitals in the M atoms close to the
Fermi level [3-5]. In addition to their metallic nature, they display
ceramic behavior as they are synthesized at high temperatures from
metal and nonmetal atoms [3]. The simultaneous ceramic and metallic
nature and high mechanical and thermal stability, make these com-
pounds resistant to thermal shock, oxidation, creep, and corrosion and
have found reliable applications in harsh conditions [6-9]. Due to these
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exciting features, they have been used as high-temperature ceramics,
tribological components, gas burner nozzles, concrete’s dry drilling,
protective coatings, electrical contacts for catalysis, applications in
sensors as well as alternate of graphite for high-temperature applications
[10-27]. Therefore, they have received significant interest from re-
searchers where around 60 compounds of the MAX phases have already
been synthesized, and more than 150 additional stable MAX phases have
been identified [25-29]. Moreover, the MAX phases are no longer
confined solely to ternary carbides and nitrides; they now encompass
ternary borides as well [30]. The applications of the MAX phases have
been further extended to the field of spintronics with the recent dis-
covery of magnetic MAX phases [31-33].

The existing literature on MAX phases highlights a significant cor-
relation between their physical properties and the comprising metallic
and nonmetallic components [31-33]. These properties can be effec-
tively modulated through controlled changes in the constituents. A
recent study synthesized a new stable quaternary i-MAX based on
Tungsten (W) in this quest [34]. However, to our knowledge, no thor-
ough investigations into the physical properties of WyGaX, have been
carried out up to date. For this reason, the physical characteristics of
WyGaX are carefully examined in this study. We discuss in detail its
optical spectra, electronic structures, and structural characteristics,
providing new information about WyGaX. Because of this, we believe
that this work will provide useful guidance for next theoretical and
experimental investigations concerning Tungsten-based MAX phases.

2. Computational details

In the current work, the band structures and optical characteristics of
WyGaX were calculated using the WIEN2k code, which is based on the
“density functional theory (DFT) based full-potential linearized
augmented plane wave (FP-LAPW) method” [35]. This method has
established a robust calculation foundation, enabling us to obtain reli-
able and comprehensive results. The approach employed in this study
involves dividing the crystal unit cell into two well-defined regions: the
interstitial space and the non-overlapping Muffin-Tin (MT) spheres,
each centered around the nucleus of an atom. Specific basis sets are
applied within these regions. The atomic wave functions derived from
solving the Schrodinger equation with spherical harmonic expansions
have been primarily applied within the MT spheres with a radius (Ryr).
We also utilized a plane wave expansion technique in the space between
the MT spheres (interstitial region). We efficiently captured the charge
density and potential by integrating a Fourier series in the interstitial
region and lattice harmonics inside the MT spheres. This comprehensive
method allowed us to gain valuable insights into the wave functions and
electronic properties of the WyGaX. A value of 10 was assigned to Lyqy
representing the maximum quantum number, which governs the atomic
wave functions within the MT sphere. For the interstitial region, we
determined the energy cutoff Kn.. be 8.0/Ryr for expanding wave
functions using plane waves. To ensure accurate calculations and
computational efficiency, the charge density underwent a Fourier
expansion limited to G;,qc = 16. Several tests were conducted to achieve
total energy convergence of 10> Rydberg per unit cell. Our study uti-
lized Ryt values of 2.24 atomic units (a.u.) for W, 2.50 a.u. for Ga, 1.74
a.u. for C, 2.02 a.u. for F, and 1.62 a.u. for N atoms. Using a mesh that
covered the irreducible wedge of the Brillouin zone with dimensions of
28 x 28 x 6, we employed the augmented tetrahedron method [36] for
reciprocal space integration. The “Perdew, Burke, and Ernzerhof (PBE)
formulation of the Generalized Gradient Approximation (GGA)” was
utilized to handle the “exchange-correlation potential” [37]. The uti-
lized computational method has proven to be reliable enough for con-
ducting electronic structure calculations [38-49]. For calculations of the
optical properties of the WoGaX compounds, the Drude damping, and
plasma frequency have been chosen as 0.05 eV and 3 eV. Literature
suggests the selected values of the Drude damping and plasma frequency
as suitable for MAX phases and other analogous compounds [50-52].
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3. Results and discussion

The W,GaX compounds of 211-MAX phases (shown in Fig. 1) adopt a
hexagonal crystal structure where the W atoms are located at (1/3, 2/3,
2) atomic coordinates. The (0, 0, 0) and (1/3, 2/3, 3/4) atomic co-
ordinates are occupied by the X and Ga atoms, respectively. The unit cell
of these compounds is formed of two formula units and exhibit space
group P63/mmc (No 194). The W atoms are octahedrally bonded to the
X atoms, making a layer of WeX octahedron along the 001 direction. The
WeX octahedron layer is sandwiched between the Ga atomic layer
within the unit cell. The lattice constants of the WoGaC compound
calculated using PBE-GGA amount to a = b = 3.107 A and ¢ = 11.759 A.
In the case of WoGaN, a = b have been recorded as 3.0704 A and c as
11.849 A. Similarly, the optimized lattice constants of WoGaF have been
found asa =b = 3.148 A and ¢ = 14.088 A. Unfortunately, we didn’t find
literature on the lattice parameters of these compounds for comparison
of our results. However, these results are comparable to the lattice pa-
rameters reported for WoGeC as a = b = 3.1437 [53], 3.351[54] Aandc
= 12.1600 [53], 13.943[54] A. The slightly larger lattice constants of
WsGaC than W»GeC can be attributed to the relatively larger ionic radii
of Ga (136 pm) than Ge (125 pm).

Using equation 1, we estimated the cohesive energy (Econ) to
comprehend the stability of the WoGaX. In Equation 1 (Ey;\;5*¥) is the
energy of the WyGaX, whereas Ey, Egq, and Ex are the energy of the W,
Ga, and X atoms respectively.

Ecoh = (Ej) o) — xEW — YEGa — 2EX) /(X + Y+ 2)..ccoeevnnne .

The Eon of WoGaC, WoGaN, and WoGaF obtained through equation 1
equals 7.31, 6.40, and 5.05 eV, respectively. The E.y, calculated for
WyGaX 211-MAX phases are matching to 5.20 for ScoAIB [55], 4.40 for
Y,AIB [55], 6.09 for Ti,AIN [56], 7.183 for Ti,CAC [57], and 6.29 [56]
reported for Ti»AlC respectively.

To evaluate the electronic characteristics of WoGaX compounds
within the MAX phases, we executed calculations for their electronic
structures (Fig. 2) and density of states (DOS) (Fig. 3). The analysis re-
veals that the valence and conduction bands of these MAX phases
overlap at the Fermi level, suggesting their metallic nature. The metallic
nature of WyGaX MAX phases agrees with literature which reports that
all the MAX phases are metallic [31-33,58]. The metallic nature is
mainly caused by the occurrence of W-d states that are dispersed with a
relatively high density across the electronic structures. Besides W-
d states, the C-p states also demonstrate a considerable density over the
Fermi level. However, the C-p states demonstrated the highest density at
the bottom of the valence band at ~ -5.5 eV. Similarly, the bottom of the

(@) (b)

Fig. 1. The depiction of W,GaX’s crystal structure, with (a) representing the
unit cell and (b) displaying the top view.
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Fig. 2. The depiction of up and down spin electronic structures of (a) WyGaC, (b) WoGaN, and (c) W.GaF.
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Fig. 3. The spin-polarized DOS illustrations for (a) WyGaC, (b) W.GaN, and (c)
W,GaF. The DOS plots for up and down spins are shown along the positive and
negative y-axis.

valence band is formed by mixed W-d and Ga-s states. All the three
compounds exhibited different arrangements of DOS from each other.
However, for each compound, the spin up and down DOS are nearly
symmetrical that cancels the effect of opposite spin electrons and thus
reduces the magnetic moment of a magnetic material. We accordingly
recorded negligible magnetic moments 0.0008 pg, 0.0002 g, and 0.0030
yp in the case of WyGaC, WoGaN, and W,GaF, respectively. Therefore,
the WyGaX MAX phases can be inferred as nonmagnetic metallic
materials.

In the following section of the article, the optical properties of these

WyGaX have been discussed in detail. In Fig. 4, the optical reflection,
indicates that these materials can reflect more than 60 % of the infrared
light. However, the reflection of visible light is reduced to less than 50 %
by these WoGaX MAX phases. Because metallic materials are inherently
reflective, the metallic character of these WoGaX MAX phases accounts
for the considerable reflection of the incident infrared and visible light.
Fig. 4 illustrates the rapid increase in the reflection of UV light from ~ 7
eV to ~ 10 eV, despite the fact that the reflection of UV light with energy
less than ~ 7 eV is greatly decreased. The optical reflection declined
again for incident light of energy above ~ 10 eV. These predictions
indicate their potential for applications in optical coatings and mirrors.

Like optical reflection, the refraction of infrared light by these
WyGaX MAX phases shown in Fig. 5 is the highest for infrared radiations.
In contrast, it has drastically decreased for UV and visible light. For
incoming light with an energy of less than 10 eV, the refractive indices
stay greater than one. Similarly, it has been observed that for UV light
with an energy greater than 10 eV, the optical reflection is minimal.
These predictions lead to the hypothesis that the WoGaX become more
opaque to UV light with energies greater than 10 eV.

Our observations of the absorption spectrum depicted in Fig. 6
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Fig. 4. The schematics of the reflectivity spectrum of (a) W»GaC, (b) W,GaN,
and (c) W,GaF.
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Fig. 5. The schematics of the refraction spectrum of (a) W»GaC, (b) W,GaN,
and (c) W,GaF.
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Fig. 6. The schematics of the absorption spectrum of (a) W»GaC, (b) W»,GaN,
and (c) W,GaF.

further suggest that, while interacting with incident light, the WoGaX
absorbs a substantial part of light during the electronic transition be-
tween high and low energy states. In Fig. 6, one can see that, unlike
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optical refraction and reflection, the infrared light’s absorption is rela-
tively insignificant for the W,GaX MAX phases. However, the infrared
optical absorption threshold suggests that the movement of charge
carriers from low to high-energy states can be initiated by even low-
energy photons. This capability stems from the gapless electronic con-
figurations of the metallic WyGaX, enabling electrons to readily move to
higher energy states. However, the optical absorption has experienced a
dramatic boost for visible light, where the refraction and reflection for
these lights have been significantly degraded. Overall, these compounds
demonstrated absorption of the order of ~ 10* em™! of infrared, ~10°
em ™! of visible, and ~ 10° cm™! of UV light. This shows that the W,GaX
MAX phases have the capability to absorb a broad part of the incident
light and, therefore, may find exciting applications in energy harvesting
devices.

Fig. 7 illustrates the correlation between WoGaX’s optical conduc-
tivity and photon energy. Exposure of conducting materials to light of
appropriate energy induces optical conductivity by elevating electrons
from lower to higher energy states, consequently generating an electric
current. Interestingly, WoGaX, because of its metallic nature, shows a
threshold optical conductivity when exposed to infrared radiation. As
we move towards the visible light region, WoGaX demonstrates a sub-
stantial enhancement in optical conductivity. Consequently, this sig-
nificant improvement enables the W»GaX to conduct electricity much
more efficiently when exposed to visible light.

The optical conductivity of WyGaX compounds, specifically WoGaC
and WyGaN, reaches its peak within the energy range of 4 eV to 6 eV,
whereas WoGaF shows maximum optical conductivity at 2 eV and 8 eV.
This indicates their favorable electrical conduction capabilities upon
exposure to ultraviolet light. Furthermore, WoGaX displays anisotropic
behavior in its optical conductivity along the x- and z-directions. This
suggests that the optical conductivity of WyGaX may differ based on the
orientation of incident light relative to the crystal structure. Comparing
different compositions of WoGaX in Fig. 7, it is found that WyGaC ex-
hibits the highest optical conductivity when subjected to light, sur-
passing both WoGaN and W»GaF, making it a promising material for
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Fig. 7. The schematics of the optical conductivity of (a) W»GaC, (b) W,GaN,
and (c) W,GaF.
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various conduction applications. The distinct differences in their
chemical and electronic band structures account for the variations in
their conductive properties. However, as the photon energy surpasses
10 eV, the optical conductivity of the material begins to decline.
Several physical phenomena can elucidate this observed decrease in
optical conductivity. One such explanation is that higher-energy pho-
tons are more prone to scattering, which ultimately reduces the overall
conductivity of WoGaN and hinders the efficient movement of electrons
into the conduction band. The second possibility is the saturation of
excited charge carriers. When exposed to high photon energies,
numerous electrons are already elevated to higher energy states. As a
result, the density of excited carriers, specifically electrons in the con-
duction band, reaches a saturation threshold. This limits the ability of
energy photons to cause a proportional rise in the number of excited
carriers,thereby restricting the growth in optical conductivity.

4. Conclusion

In summary, we have investigated the WoGaX MAX phases using first
principles approache, to gain insightful knowledge of their electronic
and optical behavior. The cohesive energies calculated for WyGaC,
W,GaN, and WyGaF have confirmed their stability and are in excellent
agreement with existing literature. The electronic structures of WoGaX
reveal nonmagnetic metallic behavior due to the symmetric dispersion
of electron states and may find a variety of electronic applications.
Furthermore, the optical properties of WyGaX MAX phases have been
thoroughly explored, indicating that they can reflect and absorb light
over a wide wavelength range. These materials have the potential to be
used in optical coatings and mirrors due to their capacity to reflect more
than 60 % infrared radiation and up to 50 % visible light. Furthermore,
the significant absorption of infrared, visible, and UV light with high
absorption coefficients suggests that they could be used in energy har-
vesting and sensing technologies. Additionally, WoGaC has the highest
optical conductivity among the investigated compounds, making it a
promising candidate for advanced conduction applications. Our present
study provides a comprehensive understanding of the physical behaviors
exhibited by the novel WoGaX-based MAX phase, thus serving as a useful
guide for upcoming theoretical and experimental research.
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