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ARTICLE INFO ABSTRACT

Communicated by Luis Brey This work reports a new class of MAX phases based on V,InC and V5InN for advanced technological applications.
We use the “density functional theory (DFT)-based full-potential linearized augmented-plane-wave (FP-LAPW)
approach” to investigate the lattice constants, electronic, and optical properties of V,InC and VInN. The lattice
constants a (¢) of the studied MAX phases have been recorded as 3.01 A (12.60 10\) for V5InC and 3.03 A (12.40 10\)
for VoInN, which have been found well-matching to the available literature. Like other MAX phases, the studied
compounds are metallic, as the valence band’s energy states overlap with those in the conduction band over the
Fermi level. The major contribution to the electronic structure is seen from the V-d, In-s, p, and X-p states.
Similarly, the studied MAX phases show prominent light absorption, enhanced by order 10 in the visible range
and 102 in the ultraviolet (UV) range of the electromagnetic spectrum. Additionally, the V,InC and V,InN
demonstrated anisotropic optical conductivity, which shows interesting variations with the energy of incident
light. The optical conductivity exhibits threshold behavior in the infrared range, significant improvement in the
visible range, and the highest conductivity in the ultraviolet range. The information provided in our study will
likely be useful for future research on V5InC and VoInN MAX phases.
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1. Introduction

The hexagonal structured ternary carbide/nitride, also known as the
MAX phases, has recently received significant interest from researchers.
These materials are comprised of transition metals (M), Group-A ele-
ments (A), and Carbon/Nitrogen (X) and are denoted by the formula
Mp1AX, (n =1, 2, 3) [1]. The integer n classifies the MAX phases into
different phases, such as MyAX, M3AX5, and M4AX3 [2,3]. Moreover, an
abundance of the MAX phases strongly depends on the value of n. For
instance, the MAX phases with n = 1 occur the highest in number.
Around sixty MAX phases for n = 1 have been synthesized in the
experiment, and 150 additional such candidates have been predicted
[3-6]. Following n = 1, the abundance of MAX phases is followed by n =
2 and n = 3. Similarly, a few MAX phases for n = 4 have also been

reported in the literature [3].

At room temperature and pressure, the MAX phases occur in hex-
agonal symmetry of the space group No. 194 (P63/mmc) [7], where a
covalent bond connects the transition metals and Carbon/Nitrogen
atoms in the form of M, 1X; octahedron. These edge-shared M, 1X;
octahedral blocks are sandwiched between the atomic layers composed
of Group A elements along the z-axis. The MAX phases simultaneously
own metallic and ceramic behavior mainly resulting from the more
metallic bonding between the transition metals and A atoms and more
covalent bonds between transition metals and X atoms [8]. Therefore,
they have received renewed interest due to their exciting behavior, such
as good electrical and thermal conductivities, resistance to oxidation,
low density, excellent thermal shock, and easy machinability [9-11].
Therefore, they have found reliable applications as a substitute for
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graphite, particularly for applications requiring high temperatures,
sensors, high-temperature ceramics, tribological components, electrical
contacts for catalysis, gas burner nozzles, protective coatings, concrete’s
dry drilling, etc.,[1-7,9-20]. Due to these exciting applications, MAX
phase materials have been the subject of numerous experimental and
first principles studies recently [1-7,9-22].

A recent study reported the physical properties, including thermo-
dynamic, elastic, and thermoelectric properties of MoAC and M2AB (M
= Nb or Mo and A = Al or Ga), where Mo,AIC, in particular, showed
distinct characteristics, including a higher cohesive energy and inter-
esting thermoelectric behavior [23]. Furthermore, the fabrication of
magnetic MAX phases in recent years has furthered applications of the
MAX phases to the field of spintronics [24-26]. These studies show that
the MAX phases’ physical properties strongly depend on the constituent
atoms’ selection. Accordingly, the vanadium-based MAX phases have
been studied and reported to demonstrate attractive elastic, transport,
and electronic properties [27,28]. Furthermore, as an attractive elec-
tronic behavior owner, the V-based MAX phases are expected to
demonstrate interesting optical properties. However, the electronic
properties of the V-based MAX phases have been scarcely studied to
date.

This article reports the optical properties of V-based MAX phases,
such as V,InC and VsInN, using the effective “FP-LAPW approach in
DFT.” In addition to the optical properties, we comprehensively studied
their structural and electronic properties. Our study will likely provide a
deep insight into the electronic and optical behavior of this new class of
V-based MAX phases for futuristic theoretical and experimental studies.

2. Computational details

The “FP-LAPW approach framed within DFT” was utilized to carry
out the calculations of the physical properties of the VoInC and VoInN
MAX phases. This method accurately depicts the electronic structure
compared to alternative approaches. We employed the WIEN2k code
[29] to perform these calculations, a highly regarded and extensively
utilized software package renowned for its comprehensive suite of tools
designed for electronic structure calculations. The Generalized Gradient
Approximation (GGA) was employed to estimate the exchange and
correlation effects of the electrons. To accomplish this, the
Perdew-Burke-Ernzerhof (PBE) [30] parameterization of the GGA was
employed, demonstrating its reliability in producing accurate results
[31-44]. The muffin tin radius (Ryr) spheres were utilized in atomic
units (a.u) with the following values:

V =2.02a.u,In =2.50 a.u,and C = 1.65 a.u in the
case of V,InC.

V =19 au,In=2.50a.u,and N = 1.67 a.u in the
case of V,InN.

In order to ensure an accurate sampling of the Brillouin zone, a k-
mesh grid of dimensions 12 x 12 x 1 was utilized. This higher density of
k-points enables a more precise characterization of electronic properties.
The wave functions were expanded using plane waves, incorporating
angular momentum quantum numbers up to a maximum value of ly,x =
10. By controlling this expansion parameter, the wave-function expan-
sion encompasses the most significant angular momentum components,
leading to an adequate representation of the electronic wave functions.
The electron distribution within the crystal was limited in reciprocal
space by employing a cutoff parameter of Gmax = 16 au !, thereby
characterizing the charge density. To determine the energy cutoff,
denoted as Kpax, Kmax = 8.0/Rumr (Ry)l/ 2 was utilized. A convergence
criterion of 10> Ry per unit cell was established for the total energy.

3. Results and discussion

The VoInC and V3InN compounds of the 211-MAX phases form in
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wurtzite structures of space group No 194 (P63/mmc). The unit cells of
the VoInC and VoInN atoms comprise two formula units at (1/3, 2/3, 2)
Wyckoff position. Similarly, the In atom fills the (1/3, 2/3, 3/4) Wyckoff
position, whereas the X atoms are stationed at the (0, 0, 0) site. Fig. 1
shows that Vn, In, and X atoms are arranged in the vertically stacked
atomic layers along the c-direction. Each X atom is bonded with six V
atoms, forming a VX octahedron. These V¢X are surrounded by In layers
from both sides along the c-axis. These 211-MAX phases exhibit sym-
metrical a and b lattice constants recorded as 2.90 A for V,InC and 2.91
A for VoInN. The calculated lattice constant (a) is comparable to that
reported for V5InC and V,InN as 3.00 A [45], 2.969 A [46], and 2.966 A
[45], respectively. The V3InC and VyInN compounds exhibited the
c-lattice constant as 12.60 A and 12.40 A, respectively. These results for
lattice constant ‘c” are excellently comparable to that reported as 13.491
A [45] and 13.326 A [46] for V,InC and 13.574 A [45] for V,InN.

We then calculated the cohesive energies (E.,p) for VoInC and VInN
compounds to realize their energetic stability. The E, which is the
difference between the energy of the V,InC and V3InN compounds
(EZLL-MAX) and their constituents (Ey + Ej, + Ecn), are being calculated
using Eq. (1)

Econ = (Evoi®) — (xEy-+yEp+zEcn) / (x+y+2) €h)

The Eon for VoInC and V3InN compounds has been recorded as
—5.95 eV and —5.51 eV, respectively, for V,InC and V,InN, which is in
good agreement with 6.29 eV [47] reported for Ti>AlC, 4.40 eV for
Y-,AIB [48], 6.09 eV for TioAlIN [47], 7.183 eV for TioCdC [49], and 5.20
eV for ScoAlB [48].

Fig. 2 provides the band structures of V5InC and VoInN compounds
determined along the I'-M-K- I'-A path in the Brillion zone. One can see
from Fig. 2 that valence band states have been extended to the con-
duction band over the Fermi level. The overlapping of valence and
conduction bands over the Fermi level leaves the V,5InC and V,InN

(@) (b)

Fig. 1. The crystal structure of (a) V,InC and (b) V,InN depicted in different
orientations.
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Fig. 2. The electronic structures of (a) V3InC and (b) V,InN determined
against energy.

compounds as metallic materials due to the lack of an apparent band
gap. This is expected as the intrinsic MAX phases are metallic. Fig. 3,
showing the DOS, indicates the existence of considerable states over the
Fermi level. The states appearing over the Fermi level are mainly
derived from the V-d states. The V-d states appear with substantial
density in the vicinity of the Fermi level in the case of all three com-
pounds. However, a considerable contribution to the electronic struc-
tures can also be seen from the In-p and X-p states in the lower
conduction and upper valence bands.

To investigate the optical properties of VoInC and V5InN, calculations
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Fig. 3. The DOS of (a) V,InC and (b) V,InN determined against energy.
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for the dielectric function (real (e;(®)) and imaginary (e2(w)) compo-
nents) displayed in Fig. 4 were performed using the following Egs. (1)
and (2).

2 Ge(@)
g ()= 1+ —P/ fnzsz(u)) dd (@D
/4 0 W — w?
2e’n .
ex(0) =" Y| WKl WIS (B — BV~ E) @
0 xve

As seen in Fig. 4 (a, b), the main peak in the ¢; (w) dispersion occurs
in the electromagnetic spectrum’s infrared region. The V2InC and VoInN
exhibit a significant degree of anisotropy in the &; () dispersion. The x-
component of static dielectric constants (e; (0)) for VoInC and V3InN
displays values of 70.28 and 81.51 respectively. On the other hand, for
V2InC and V3InN, the z-component of &; (0) has been estimated to be
93.76 and 116.23, respectively. While proceeding into the ultraviolet
spectrum, the €; (@) dispersion shows a sharp decline, and in certain
electromagnetic spectrum ranges, it even takes negative values associ-
ated with the metallic behavior of V,InC and VsInN. Fig. 4(c and d) il-
lustrates that peaks in €, (®) is governed by electronic transitions from
lower energy levels to higher ones. Due to the metallic nature of MAX
phases, these electronic transitions can occur even at very low energy
levels. Consequently, a prominent peak is observed in the €, () spec-
trum at low photon energies. Notably, the amplitude of the x-component
of &, () is significantly larger than that of the z-component, and the z-
component’s maximum amplitude occurs at a higher energy level
compared to the x-component. The difference in amplitudes can be
attributed to the energy absorbed by electrons during their transition
from lower to higher energy levels induced by incident light. This sug-
gests that V5InC and VoInN MAX phases, therefore, display distinct op-
tical properties along the x- and z-directions that are discussed in the
following.

The refraction and reflection of light by these V3InC and V3InN
compounds have been schematically shown in Figs. 5 and 6. The optical
refraction by VoInC and V3InN compounds has been found to be the
highest for infrared light. The static refractive indices have been seen as
8.42 (9.85 z-component) and 9.05 (10.81 z-component) for V,InC and
VoInN respectively. However, the refractive indices are found to be
declined dramatically for visible and ultraviolet light. This indicates that
while the V3InC and ViInN compounds can efficiently refract infrared
light, visible and UV light refraction is considerably reduced, indicating
the transition to opaque from transparent nature. However, Fig. 6 still
shows the refractive indices remain higher than unity for the light
photons of energy less than 10 eV. Figs. 5 and 6 reveal that a decline in
the refractive indices is followed by a reduction in the optical reflection.
Like optical refraction, the reflection of infrared light has been found to
be the highest for the V5InC and V3InN compounds and goes through a
rapid decline for UV and visible radiation. The V5InC and V3InN com-
pounds could reflect more than 50 % of the incident light, more than 40
% of visible light, and UV radiations (of energy <10 eV). The optical
reflection diminishes radiation of energy above 20 eV. The high optical
reflectivity is due to the metallic nature of the V3InC and VyInN
compounds.

While V3InC and V3InN refract or reflect some of the incident radi-
ation, the charge carriers absorb the rest of the light to hop to high
energy states. In Fig. 7, the absorption of infrared light is considerable,
indicating that even low-energy photons can trigger the intra-band
transitions within the electronic structures of these compounds. This is
because they exhibit gapless electronic structures; therefore, the tran-
sition between low and high-energy photons can be successfully
executed by low-energy photons. However, these electronic transitions
are rapidly enhanced as the relatively high-energy photons interact with
these materials. As a result, the optical spectra’ amplitude has been
significantly improved in the visible and UV range. The optical ab-
sorption in the infrared, visible, and UV ranges have been found of the
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Fig. 4. The €;(») of V5InC (a) and V,InN (b) and &2 (w) of V,InC (c) and V,InN (d) determined against the energy.
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Fig. 5. The optical refraction spectrum of (a) V»InC and (b) V,InN determined
against the energy of the incident light photons.

order 10* em™, 10° em ™!, and 10° em ™, respectively. This indicates
that optical absorption is enhanced by order 10 in the visible range and
102 in the UV range of the electromagnetic spectrum. Such a high ca-
pacity of light absorption indicates the capability of the VoInC and VInN
compounds in high-efficiency energy harvesting devices.

Fig. 8 depicts the optical conductivity of VoInC and V>InN against the
energy of light photons. Optical conductivity is a material’s capacity to
conduct electricity while being exposed to light. When light interacts
with a material, the incident light photons excite electrons, causing
them to move from low to high energy levels and create an electric
current. The VoInC and V3InN showed the threshold optical conductivity
when exposed to infrared light because of their metallic behaviour.
V,InC and V,InN exhibit a significant increase in optical conductivity as
photon energy rises and enters the visible light region. With this
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Fig. 6. The reflectivity spectrum of (a) VoInC and (b) V,InN determined against
the energy of the incident light photons.

development, the material will conduct electricity when exposed to
visible light significantly more effectively. In the energy range of 4 eV-6
eV, the V5InC and V,InN show their highest optical conductivity, sug-
gesting that these materials exhibit excellent electrical conduction
properties when interacting with ultraviolet light.

The optical conductivity of V5InC and VoInN displays anisotropy in
the x- and z-directions. This indicates that depending on the direction of
the incident light with regard to the crystal structure of VyInC and
VaInN, its optical conductivity can change. The maximum optical con-
ductivity is shown in V3InC when compared to VyInN. This shows that
when exposed to light, VoInC is the most effective at conducting elec-
tricity, followed by V,InN. The difference in their conductive properties
can be attributed to their specific electronic band structures and
chemical compositions. However, as the photon energy goes even higher
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Fig. 7. The optical absorption spectrum of (a) V,InC and (b) VoInN determined
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Fig. 8. The optical conductivity of (a) V,InC and (b) V,InN determined against
the energy of the incident light photons.

beyond this range beyond 6 eV, the optical conductivity of the material
starts to reduce. The observed reduction in the optical conductivity can
be explained by various physical phenomena such as;

Increased Scattering: Higher-energy photons increase the probability
of scattering events, which hinder the effective transport of electrons to
the conduction band and can lower the V,InC and V5InN compound’s
overall conductivity.

Saturation of Excited Carriers: Many electrons may have already
been stimulated to higher energy states at high photon energies. As a
result, the density of excited carriers (electrons in the conduction band)
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saturates, which limits the rise in optical conductivity by preventing
additional high-energy photons from producing a corresponding in-
crease in the number of excited carriers.

4. Conclusion

In conclusion, this study unveils a new class of MAX phases based on
V,InC and V,InN with potential applications in advanced technologies.
By employing the “DFT-based FP-LAPW approach”, we thoroughly
investigated the lattice constants, electronic and magnetic behavior, and
optical properties of these MAX phases. The obtained lattice constants as
3.015 A for V,InC and 3.03 A for V,InN, matched well with existing
literature. Similar to other MAX phases, the compounds under scrutiny
exhibited metallic behavior, characterized by the overlapping of energy
states from the valence and conduction bands near the Fermi level. The
V-d, In-s, p, and X-p states were found to play a significant role in
determining the electronic structure. Additionally, the studied MAX
phases demonstrated notable light absorption, optical reflectivity, and
refraction. The optical conductivity of VoInC and VoInN showed inter-
esting variations with the energy of incident light. It exhibited threshold
behavior in the infrared, significant improvement in the visible range,
the highest conductivity in the ultraviolet range, and reduced conduc-
tivity for high-energy photons. Additionally, these materials displayed
anisotropy in conductivity, meaning its conductivity is directionally
dependent. The ranking among different V5InC and V,InN compositions
in terms of optical conductivity is VoInC > V3InN. Our study provides
valuable insights into the physical characteristics of the investigated
MAX phases, offering useful information for future research based on
these materials.
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