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ABSTRACT

As MAX phase compounds combine the properties of metal and ceramics, they can be used in a variety of
applications. In this work, we explored the structural, mechanical, dynamical, electronic, magnetic, and optical
properties of the Hf,InN MAX phase compound using density functional theory (DFT) calculations. The GGA -
PBE functional was used for all computations, taking into account the exchange-correlation effects. The structural
properties of Hf,InN MAX phase were examined by calculating its ground-state energy, lattice parameters, and
bond lengths between the atoms. The compound was found to have a minimum ground-state energy, which
indicates that Hf>InN is a structurally stable compound. The absence of negative frequency values in the phonon
dispersion curve confirms that the material is dynamically stable. The value of the elastic constants, which satisfy
Born’s stability criteria, suggest that the compound is mechanically stable. Furthermore, the bond stretching,
hardness, brittleness, and anisotropic nature are confirmed by the analysis of the material’s mechanical parameters.
The electronic band structure and density of states (DOS) plots were analyzed to study the electronic properties.
These plots indicate that Hf;InN exhibit metallic behavior. From the analysis of total density of states (TDOS)
and partial density of states (PDOS) plots, the distributions of up- and down- spin states were found to be
symmetric, confirming its non-magnetic nature. The optical properties of Hf;InN are predicted through the
analysis of its dielectric functions, refractive index, extinction coefficient, reflection coefficient, absorption
coefficient, and energy loss function. The results show that the material exhibits strong light absorption, distinct
energy loss peaks, high reflectivity, and significant optical anisotropy in the UV region, indicating its potential
applications in optoelectronic devices, radiation shielding, UV absorption coating, and high temperature materials.
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INTRODUCTION

The MAX phase compounds are ternary layered metal
carbides or nitrides (Hadi et al., 2022). The general
formula of MAX phase compound is My+1AX,, where
n=1,2,3; M is an early transition metal, A is an
element of group A, and X is carbon or nitrogen
(Eklund et al., 2010; Hadi et al., 2022; Radovic &
Barsoum, 2013a). The molecular structure of the
MAX phase is defined by n, i.e., if n=1, MbAX [211],
if n =2, M3AX; [312], and if n = 3, M4AX; [413]
(Eklund et al., 2010). Structurally, 2M layers are
separated by a layer of A in [211], 3M layers by A in
[312], and 4M layers by A in [413] (Eklund , 2010).
The MAX phase compounds have hexagonal structure
with space group P63;/mmc (Radovic & Barsoum,
2013a). In 1996, Barsoum and El-Raghy synthesized
Ti3SiC, compound which exhibited properties such as
good thermal and electric conduction, readily

mechanical, thermal shock resistance, plastic nature at
high temperature, similar to metal, and properties such
as corrosion resistance and heat tolerance, similar to
ceramic (Barsoum & El-Raghy, 1996). This event
opened the door for MAX phase as new field of
research. These MAX phase compounds encompass
the properties of metal and ceramic, so they are also
known as metallic ceramic (Barsoum, 2000; Sun et al.,
2006). MAX phases have nano-laminated structure
with alternate metallic and ceramic layers (Radovic &
Barsoum, 2013b). Due to strong M-X bond and
weaker M-A bond, the MAX phase compounds get
their unique properties (Eklund et al., 2010). These
properties of MAX phase allow them to be used in
various fields; such as high temperature coatings,
electric contacts, nuclear industries and so on
(Gonzalez-Julian, 2023). Nasir and team in 2014
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investigated multiple physical properties of
Zirconium-based MAX phases ZrnAC (A = Al, Si, P
and S) (Nasir et al., 2014). Filippatos et al., in 2019,
studied elastic properties of various 312 MAX phase
compounds using DFT method of calculations. In
2020, Ali et al. analyzed different physical properties
of 212 MAX phase Ti>InB», and compared it with the
results of other similar 211 MAX phase (Ti.InC,
TiSnC, Ti,AlC) compounds (Ali et al., 2020). Yang
and his co-workers in 2022, explored the phase
stability, mechanical, and thermal properties of
TMAIC, (TM = Ti, Zr and Hf) MAX phase
compounds using DFT methods (Yang et al., 2022). In
the year 2025, Oli and co-authors studied various
fundamental physical properties of TizGeC, and
Ti3SiC; MAX phase compounds using GGA: PBE and
GGA: PBE+U functionals through DFT method of
calculations (Oli et al., 2025). After reviewed the
various literatures related to MAX phase compounds
of their distinct physical properties and found that the
structural, electronic, magnetic, optical, dynamical
and mechanical properties of HLInN MAX phase
compound have not yet been studied. Therefore, our
motivation goes to explore the structural, mechanical,
dynamical, electronic, magnetic and optical properties
of HftInN MAX phase compound computationally
using density functional theory (DFT) method of
calculations employing quantum ESPRESSO as a
computational tool.

MATERIALS AND METHODS

The structural, mechanical, dynamical, electronic,
magnetic, and optical properties of Hf,InN MAX
phase compound were studied using Quantum
ESPRESSO (QE) (Giannozzi et al., 2020) as
computational tool. The plane-wave basis set, along
with the projected Augmented wave (PAW)
pseudopotential scheme, was used for the density
functional theory (DFT) (Kohn & Sham, 1965;
Hohenberg & Kohn, 1964) calculations. The
exchange-correlation (XC) functional was treated
using the generalized gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) (Hammer et
al., 1999) functional. The PBE has limited accuracy in
describing electron correlation in transition metals
like Hf, however the present results remain reliable for
qualitative and comparative analysis. The cutoff
energy of the plane-wave basis set was set to be 520
eV, and the energy convergence threshold was set to
107 eV to obtain the optimized structure. These values
were obtained through the convergence test. The fully
optimized and relaxed structure was achieved when
the Hellmann-Feynman force (Feynman, 1939) on
each atom became less than 0.01 eV/A. The Brillouin
zone was sampled using a set of special k-points
generated by the Monkhorst-Pack scheme (Monkhorst
& Pack, 1976). An (8x8x8) k-point mesh (estimated

through the convergence test) was used for the self-
consistent field (SCF) calculations. For the band
structure calculations along high-symmetric paths, the
same (8x8x8) k-point mesh in the irreducible
Brillouin zone (BZ) was employed. However, a denser
(16x16x16) k-point mesh was used in order to obtain
smoother curves for the calculations of the density of
states (DOS), and partial density of states (PDOS).
Furthermore, the mechanical properties of the Hf2InN
MAX phase compound were estimated using the
elastic constants (Cj). For hexagonal structure, five
independent elastic constants (Cii, Ci2, Ci3, Cs3, and
C4) were calculated using stress-strain method
(Chung & Buessem, 1967). These elastic constants
were then used to evaluate the elastic moduli; namely
bulk modulus (B), shear modulus (G), and Young’s
modulus (E), using the Vigot-Reuss-Hill approach
(Chung & Buessem, 1967). With the help of these
elastic moduli (B, G, and E), other mechanical
properties such as Poisson’s ratio (v), Pugh’s ratio
(B/G), Cauchy pressure (Pc), the universal anisotropy
index (Ay), Vicker’s hardness coefficient (Hvy), and
Kleinman’s parameter ({) were determined. The
dynamical properties of the compound were studied
by plotting the phonon dispersion curve (phonon
frequency vs high symmetric points). This curve was
obtained using density functional perturbation theory
(DFPT) methods (Togo & Tanaka, 2015). To
investigate the optical properties of the Hi,.InN MAX
phase compound, the complex dielectric tensor g(w) =
€1(®) +iex(w), was calculated using ground-state DFT
within random phase approximation (RPA) (Bohm &
Pines, 1953; Kdrner & Elséasser, 2010). Using the
complex dielectric function (real part €(®), and
imaginary part €(®)), the other optical properties,
such as the refractive index, extinction coefficient,

reflection coefficient (reflectivity), absorption
coefficient, and energy loss function, were evaluated.
RESULTS AND DISCUSSION

Structural properties

| .

Figure 1. (Colour online) Unit structure of Hf2InN Max
phase compound, where blue, red, and green colour
respectively represent Hf, In, and N, atom in the structure
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Like all MAX phase materials, Hf2InN crystalizes in a
hexagonal structure with the space group P63/mmc
(Radovic & Barsoum, 2013a), and its unit cell
contains eight atoms. First, we obtained the optimized
and relaxed structure of Hf5InN, which is shown in
Figure 1. Then, for a detailed study of the structural
properties, we examined various parameters such as
lattice constants, bond lengths, and ground state
energy based on the optimized structure. All these
computational were performed using GGA: PBE
functional in DFT methods of calculations. We
calculated the lattice parameters (a = b, and c¢) and

bond lengths of Hf>,InN before and after relaxation.
The lattice constants before relaxation are found to be
a=Db=2329 A and ¢ = 15.05 A, whereas after
relaxation they became a =b = 3.32 A and ¢ = 14.88
A. Similarly, the bond length of Hf-In, In-N, and Hf-
Nare 3.15 A, 4.21 A, and 2.27 A, respectively before
relaxation and 3.16 A, 4.18 A, and 226 A,
respectively  after relaxation. The structural
parameters (lattice constants and bond lengths) before
and after relaxation are nearly identical. Table 1
summarizes the data of for both the unrelaxed and
relaxed structures.

Table 1. Estimated structural parameters (lattice parameters and bond length) of H2InN MAX phase compound before and
after relaxation

Lattice Parameters (A) Bond Length (A)
a=b c Hf-In In-N Hf-N
Relaxation
Before 3.29 15.05 3.15 421 2.27
After 3.32 14.48 3.16 4.18 2.26

Furthermore, we compared the lattice parameters of
the relaxed Hf,InN compound with the reported
values for TiInN and HEHAIN  compounds,
respectively (Uddin et al., 2022; Khediri et al., 2023).

The structural parameters are found to be comparable
with those reported in the literature. The comparative
data are presented in Table 2.

Table 2. The calculated lattice parameters of the H2InN compound are compared with the reported lattice parameters of
Ti2InN and Hf2AIN compounds. All these calculations are performed using GGA: PBE functional

Materials Lattice Parameters (A) References
a=b c
Hf,InN 3.32 14.48 Present work
Hf,AIN 3.08 14.06 (Khediri et al., 2023)
Ti2InN 3.25 14.29 (Uddin et al., 2022)

The calculated lattice parameters of HInN are in
good agreement with the reported results of Khediri
and his co-workers (Khediri et al., 2023) for Ti>2InN
and Uddin and his co-authors (Uddin et al., 2022) for
the HE,AIN compound. The ground-state energy and
the binding energy of a material are inversely
proportional to each other. In other words, a lower
ground-state energy corresponds to a larger binding
energy, and vice versa. A higher binding energy
indicates that the atoms are more strongly bound to
each other (Neupane & Adhikari, 2022). We
calculated the ground-state energy of Hf2InN using the
PBE functional and found it to be -69.061 eV. This low
ground-state energy reflects a high binding energy,
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indicating that the atoms are strongly bound. Hence,
Hf>InN is structurally stable.

Mechanical properties

The special properties (both ceramic and metallic) of
MAX phase compounds are primarily reflected in
their mechanical behavior. The mechanical properties
of most MAX phase compounds depend on their grain
size (Barsoum, 2000). These compounds, being
layered solids, are intrinsically plastically anisotropic;
that is, their mechanical properties are directional-
dependent. Due to this plastic anisotropy, they lack the
five independent slip systems necessary for ductility
(Barsoum & Radovic, 2011). The elastic constants and
moduli of elasticity govern the mechanical behavior
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of solids. The elastic constants (C;) where i, j =1, 2,
3, 4, 5, 6 can be used to evaluate the mechanical
stability of a material. These constants reveal how
materials respond to external stress or strain and
provide insight into their bonding characteristics
(Wang & Zhou, 2004). For hexagonal symmetry, there

are five independent elastic constants. They are Cij,
Ci2, Ci3, C33 and Cu4. The elastic constants of the
Hf,InN MAX phase compound are calculated and are
presented in Table 3. These computed values are
comparable with the reported values of other similar
MAX phase compounds.

Table 3. The estimated elastic constants (Cjj) of the H2InN MaX phase compound (all values in GPa) are compared with the
reported values of Ti2InN and HAIN MAX phase compounds

Cu Cu Cus Css Cu References

279.81 76.08 64.81 246.38 73.55 Present work
247.26 66.53 91.79 242.20 94.62 (Khediri et al., 2023)
318.00 78.00 102.00 281.00 138.00 (Uddin et al., 2022)

Born’s mechanical stability criteria are commonly
employed to assess the stability of a material (Hadi et
al., 2022). The Born stability criteria are (Born, 1940;
Huang, 1996);

11 > leial; 2C5 < C33(Chq 4 Ciz)icay >0 (1)

The estimated elastic constants of Hf>InN satisfy the
stability criteria (given in equation (1)); hence, the
Hf:InN is mechanically stable material. The moduli of
elasticity (Young’s modulus (E), shear modulus (G),
and bulk modulus (B)) describe how solids respond to
external forces such as compression, impact, and
torsion. These elastic moduli are calculated using the
Voigt (Voigt, 1889), Reuss (Reuss, 1929), and Hill
(Hill, 1952) approximations. The bulk modulus (B)
measures a material’s resistance to change in volume
without a change in shape. It is given by equations (2,
3, and 4) (Voigt, 1889; Reuss, 1929; Hill, 1952);

2(C11+C12)+4C13+C33

B, = 5 (2)

Bp = (C11+C12)C33-2CF, (3)
C11+C12+2C33—-4C13

By = By+BR 4)

2

where, the subscripts V, R, and H stand for the Voigt,
Reuss, and Hill approximations, respectively. The
shear modulus (G) measures the rigidity of material. It
is given by equations-(5, 6, and 7) for Voigt, Reuss,

and Hill approximations (Hill, 1952; Reuss, 1929;
Voigt, 1889);

_ C11+C12+2C33—-4C13+12C44+12Cq6

G, = 5
\ i (5)
5
G = 13(C11+C12)C33-2Cf3Ca4Co6 6)
R =
3BvC44C66+((C11+C12)C33—2C123)(C44+Css)
_ Gy+GR
Gy =—"— ™)

2

Young’s modulus (E) measures the elasticity of
material. It is calculated using equation (8) (Mo et al.,
2014b);

_ 9BGy
T 3By+Gy

®)

Here, the subscript x can be replaced by V, R or H.
Poisson’s ratio (v) can be used to analyze the brittle or
ductile nature of a material. If a material has a
Poisson’s ratio greater than 0.26, it exhibits ductile
behavior; if the ratio is less than 0.26, it exhibits brittle
behavior (Frantsevich, 1982). It is calculated using
equation (9) (Mo et al., 2014a);
3BxGy
2(3By+Gy)

)

The elastic moduli (B, G, and E), and Poisson’s ratio
(v) are calculated using the Voigt, Reuss, and Hill
approximation. The calculated elastic moduli (B, G,
and E) and Poisson’s ratio (v) are compared with the
reported results and are listed in the Table 4.

Table 4. Elastic moduli (bulk modulus (B), shear modulus (G), and Young’s modulus (E)) and Poisson’s ratio (v) of Hf2InN
compound, where moduli are measured in GPa. The subscripts R, V, and H refer to the Reuss, Voigt, and Hill approximation,
respectively. The values are also compared with the reported values for the materials Ti2InN and HEAIN

Br(GPa) Bv(GPa) Bu (GPa) Gr(GPa) Gv(GPa) Gu(GPa) E (GPa) v References
134.51 135.27 134.89 87.62 89.81 88.71 218.29 0.23 Present work
137.23 137.44  137.33 87.39 88.36 87.88 21729  0.23 (Khediri et al.,

2023)
- 163.00 - - 119.00 271.00 0.20 (Uddin et al.,

2022)
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The calculated values of the elastic moduli of Hf2InN
are found to be higher value. This value is also
comparable to those of the similar material Ti>;InN
(Khediri et al., 2023), and is slightly lower than those
of HLAIN (Uddin et al., 2022). This indicates that
Hf:InN provides strong resistance to compression and
shape deformation. Since both Ti,InN and Hf,AIN
exhibit strong bonding and require more energy to
deform, Hf>InN is also expected to possess bonding
characteristics. Based on the calculated value of
Young’s modulus (E), H>2InN is found to be very stiff.
We have found the value of Poisson’s ratio (v) of
HfzInN to be 0.23, which is less than 0.26 (i.e. v <
0.26). Hence, the material exhibits a brittle nature. The
brittleness of Hf:InN can also be confirmed using
Pugh’s criterion. A material is considered brittle if B/G
< 1.75 (Pugh, 1954). For HfzInN, B/G = 1.52, which
is less than 1.75. These values are almost similar to the
result obtained by Khediri et al. (2023). The nature of
bonding at the atomic level is studied by analyzing the
Cauchy pressure (Pc). For hexagonal crystal, it is
given by (Jamal et al., 2014);

Pe=C13 = Cyy (10)

If the Cauchy pressure (Pc) is positive, the bonding is
metallic, whereas negative Pc signifies covalent
bonding (Jamal et al., 2014). The Cauchy pressure
(Pc) of HE2InN is found to be 2.5 GPa. The positive
value of Pc suggests that the nature of bonding in the
material is metallic. The anisotropic nature of Hf>2InN
is predicted by calculating its Universal anisotropy
index (Au). The Ay is given by equation (11),
(Ranganathan & Ostoja-Starzewski, 2008);

AU=5(5—Z)+(:—Z)—6 (11

where (Gv & Gr), and (By & Bgr) represent the shear
modulus and bulk modulus obtained from the Voigt
and Reuss approximation, respectively. The value of
the universal anisotropy index (Au) for our material is
found to be 0.13 (i.e., Ay > 0). Thus, the result
suggests that HLInN exhibits elastic anisotropy. We
evaluated Vickers hardness (Hv) to study the hardness
or softness of the material. The Hy is calculated using
equation (12), (Tian et al., 2012);

1-137
H, =092 (2) " goos (12)

The obtained value of Vickers hardness for Hf>2InN is
13.77 GPa, which suggests that the material is
significantly hard. This value of Hvy is in good
agreement with the value (Hv= 13.17 GPa) of Ti,InN
material (Khediri et al, 2023). Furthermore, we
studied the contribution of bond bending or stretching
in resisting external pressure by evaluating
Kleinman’s parameter (). It is given by equation (13),
(Tian et al., 2012);
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2C11+8C12
7C11+2C12

¢= (13)

If { > 0.5, the material exhibits bond stretching;
otherwise of bond and otherwise, bond bending
dominates (Kleinman, 1962). The calculated value of
¢ for Hf>InN is 0.55, indicates that bond stretching is
dominant.

Dynamical properties

The dynamical stability of Hf;InN was examined
through its phonon dispersion curve. Figure 2 shows
the phonon dispersion curve of Hf2InN, where phonon
frequency spectrum is plotted along high symmetry
points, which are obtained using density functional
perturbation theory (DFPT) (Garcia & Vanderbilt,
1996; Togo & Tanaka, 2015). The dynamical stability
of the material is determined by the phonon
frequencies at the symmetric points. If the phonon
frequency is positive at all high-symmetry points, the
material is stable; Otherwise, it is unstable (Garcia &
Vanderbilt, 1996; Ali et al., 2016). In Figure 2, we
observe that the phonon frequencies at every high-
symmetry point are positive, indicating that Hf>InN is
dynamically stable. This means that the atomic
arrangement of Hf;InN can endure small lattice
vibrations without spontaneously transforming into a
new arrangement.

12|~

Frequency (cm"’

=xl--4--

r
Symmetric Points

Figure 2. (Colour online) Phonon dispersion curve of
Hf2InN, where the high-symmetry points (I, M, K, T, A, H,
K) are plotted on the X-axis, and corresponding phonon
frequencies are plotted on the Y-axis. The blue vertical
lines pass through the high-symmetry points

Moreover, we have discussed about the phonon
frequency branches. There are two types of branches
in the phonon dispersion curve. The lower branches
are called acoustic branches, and upper branches are
called optical branches. For every n atom in unit cell,
it will have 3n vibrational branches. Among these
branches, 3 are acoustic branches and 3n-3 are optical
branches (Togo & Tanaka, 2015). As, Hf,InN has 8
atoms in unit cell, it has 24 branches. Out of these, the
lower 3 branches are acoustic branches and rest are
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optical branches. The three acoustic branches arise as
a result of in-phase movement of heavy (Hf and In)
atoms. At the center of Brillouin Zone i.e., at I" point,
the frequency of all the acoustic branches is zero (i.e.,
® = 0at I point). However, optical branches have non-
zero frequency (o # 0) at I" point. The optical branches
are the resultant of out-of-phase movement of light
(N) atom. The optical bands of Hf2InN lies above the
frequency of 2 cm’. These optical branches are
responsible for optical behavior of material. Thus, we
also study the optical behavior of the materials based
on its phonon dispersion curve.

Electronic properties

The nature of a material (metallic, semiconducting, or
insulating) can be determined from its electronic
properties (Neupane & Adhikari, 2021). To
investigate the electronic properties of Hf>InN, we
analyzed its band structure and density of states
(DOS) plot. The calculated band structure of Hf2InN
is shown in Figure 3a, where the horizontal blue
dashed line represents the Fermi energy level, set at 0

Energy (eV)

DOS (States/eV)
PR - SRR S R SO - S CR TR R - M|

Symmettic Points

(@)

eV. This Fermi level acts as the boundary between the
valence band and the conduction band. The valence
band lies below the Fermi level, whereas conduction
band lies above it. In Figure 3a, it is observed that the
valence bands cross the Fermi level and overlap with
the conduction bands. This overlap near the Fermi
level eliminates the band gap, confirming the metallic
nature of HE2InN. Therefore, Hf2InN exhibits metallic
behavior, providing evidence of its good electrical
conductivity.

The density of states (DOS) describes the number of
available energy states that electrons can occupy at a
particular energy level. To investigate these available
states, we constructed the DOS plot shown in Figure
3b. From the plot, we observe a non-zero (finite)
density of states at the Fermi level. This indicates the
presence of unoccupied energy states that electrons
can occupy facilitating electron movement and
electrical conduction. Therefore, the DOS plot further
confirms that Hf>InN exhibits metallic behavior.

0
Energy (eV)

(b)

Figure 3. (Colour online) Band structure and density of states (DOS) plot of Hf2InN; (a) band structure of Hf2InN, where
high-symmetry points are plotted in X-axis, their corresponding energy (eV) are taken in Y-axis, and blue horizontal line
passing through 0 eV represents Fermi energy level, (b) DOS plot of Hf2InN, where vertical blue dotted line represents
Fermi energy level and horizontal blue dotted line separates up- and down-spin states

Magnetic properties

The magnetic properties of a material arise from the
magnetic moment produced by unpaired up- and
down-spins electrons in the atomic orbitals (Neupane
& Adhikari, 2022; Paudel et al., 2023). To investigate
the magnetic properties of Hf2InN, we analyzed its
total density of states (TDOS) and partial density of
states (PDOS) plots. If the up- and down-spin states of
electrons are asymmetrically distributed in the DOS
and PDOS plots, the material exhibits magnetic
behavior; otherwise, it is non-magnetic (Neupane et
al., 2025a; Rijal et al., 2025). The TDOS and PDOS
plots of H>,InN are shown in Figure 3b and Figure 4,
respectively. In both plots, energy (eV) is represented
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on the X-axis, and the density of states (DOS) is
represented on the Y-axis. In Figure 3b, the total
density of states (TDOS), represented by the black
line, is the result of the combination of the DOS of
each atom; Hf, In, and N, which represented by red,
purple, and green, respectively. In the TDOS plot, the
up- and down-spin states of Hf2InN near the Fermi
level are distributed symmetrically. This symmetrical
distribution of spin states indicates a zero magnetic
moment, and therefore, Hf,InN exhibits non-magnetic
behavior. To examine the distribution of up- and
down-spin electron states in detail, we analyzed the
individual atomic orbitals using the PDOS plot, as
shown in Figure 4.
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Energy (eV)

Figure 4. (Colour online) Partial density of states (PDOS) plot of Hf2InN where vertical blue dotted line represents Fermi
energy level and horizontal blue dotted line separates up- and down-spin states

From the PDOS plot, we can observe that the 5dyy,
5dys, 5dy,, 5di%, and 5d,? orbitals are the dominant
orbitals of the Hf atom. Among them, the 5d,* orbital
contributes the highest magnetic moment of the Hf
atom, with values of 0.22 pg/cell and -0.22 pg/cell for
the up- and down-spin states, respectively. Similarly,
all other orbitals of the Hf atom have equal values for
the symmetrical up- and down-spin states, resulting in
a net magnetic moment of zero for Hf. In the In atom,
the S5py = 5px, and 5p, orbitals are dominant, with
values 0.07 pg/cell and 0.11 upg/cell, respectively.

These orbitals also exhibit symmetric up- and down-
spin states. However, In has minimal contribution near
the Fermi level and, therefore, does not contribute to
the magnetic moment. For the N atom, the 2s, 2py, and
2p, orbitals near the Fermi level also display
symmetric up-and down-spin distributions, resulting
in zero magnetic moment. In conclusion, Hf>InN
exhibit The calculated
magnetic moment arising from the up-and down-spin

non-magnetic behavior.

states of electrons in the individual orbitals of all
atoms in the material are presented in Table 5.

Table 5. Magnetic moment (pt) calculated from the up- and down-spin states of electrons in the individual orbitals of N, Hf,
and In atoms in the Hf2InN MAX phase compound

Orbitals p of up-spin (us/cell) pn down-spin (us/cell) Resultant p (us/cell)
p of 2s of N 0.0036 -0.0036 0.00
p of 2py of N 0.0123 -0.0123 0.00
p of 2p, of N 0.0435 -0.0435 0.00
n of 5px of Hf 0.0227 -0.0227 0.00
p of 5dyy of Hf 0.1935 -0.1935 0.00
p of 5d,% of Hf 0.2209 -0.2209 0.00
p of 5dx, of Hf 0.1676 -0.1676 0.00
p of 5p, of In 0.1173 -0.1173 0.00
n of Spx of In 0.0744 -0.0744 0.00
u of Spy, of In 0.0098 -0.0098 0.00
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Optical properties and analyzed dielectric function g(®), refractive index
n(w), extinction coefficient k(w), absorption
coefficient a(w), reflection coefficient (reflectivity)
R(w), and energy loss function L(w) of HEInN to
investigate its optical behavior. All these parameters
are determined from the calculated real and imaginary
parts of the dielectric function (Saeed et al., 2022), as
given by equations-(14), (15), and (16), (Peter &
Cardona, 2010);

he interaction of a material with electromagnetic (EM)
radiation is determined by its optical properties.
These optical properties are closely associated with
the electronic structure of the material (Neupane et al.,
2025b). We studied the variation in the optical
properties of the material when an electric field (EM
radiation) is applied in different directions. We plotted

e(w) = &g (w) + ig(w) (14)
where &i() is real part and &(®) is imaginary part of dielectric function. The imaginary part () is directly
computed from optical transitions using the formula (Adler, 1962; Yu & Cardona, 2010);
2e’m

& (w) =ﬂ—EOZk,v,cl(ll)ﬁlu'TIIPZ)IZ(S(Eﬁ—EE—E) (15)
The real part &(®) is derived from imaginary part &2(®) by using the Kramers-Kronig relation (Adler, 1962);
2
81(0))=1+;P 0 wwz (16)

where P denotes the principal value of the integral. The real part () and imaginary part €(w) of the dielectric
function of Hf;InN are shown in Figure 5a and 5b, respectively.
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Figure 5. (Colour online) Variation of the dielectric function of Hf2InN MAX phase compound; (a) variation of the real
dielectric function with photon energy, and (b) variation of the imaginary dielectric function with photon energy. The insets
represent the enlarged view of the real and imaginary parts of the dielectric function as a function of photon energy (eV) in

each plot
In the plots, the photon energy (eV) is represented on polarization (i.e., it can store energy in the form of
the x-axis, and the dielectric functions are plotted on electrostatic potential) and metallic character (Fig.
the y-axis. Both the real and imaginary parts of the 4b). The optical response of the material in the low-
dielectric function are analyzed over the photon energy region (0-1) eV is attributed to intra-band
energy range of (0-20) eV. The &i(®) represents the transitions. The value of €;(0) for the out-of-plane
strength of polarization (i.e., the ability to temporarily component (&) is significantly larger than that of the
store electric energy) of the material. In the Figure 4a, in-plane components (exx = &yy), indicating that
the static dielectric constant €;(0) for both the in-plane polarization along the c-axis is stronger than within
components (exx = &y =~ 55 eV) and out-of-plane the basal plane. This means the polarization along the
component (g, = 350 eV) exhibits large positive c-axis is stronger than within the basal planes. Peaks
values. This suggests that Hf;InN shows strong observed in the energy range of (1-3) eV arise due to
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inter-band transitions. The &x = &y, component
becomes zero at approximately 1.7 eV photon energy,
indicating the plasma frequency (w®p). With a further
increase in photon energy, €i(®) becomes very small,
suggesting that the material becomes less responsive
to photons of that particular energy. The significant
difference between the peak positions of the in-plane
component (&xx—= &y) and out-of-plane (&)
components confirms the intrinsic anisotropy of the
material. Figure 5b represents the photon energy
versus the imaginary part of the dielectric function
&(w) of the HLINN MAX phase material. &(w),
measures photon absorption (i.e., how strongly
photons are absorbed). The peak in &x(®) indicate
regions of strong optical absorption (Davies, 1954). In
Figure 5b, both the in-plane components (exx = &,y) and
the out-of-plane component (g,,) exhibit large peak
values near 0 eV. This indicates the absence of an
optical band gap, suggesting that Hf>InN is metallic in
nature. The highest peak of &(w) is found to be
approximately 230 at around 0.15 eV for the out-of-
plane component (g,,). In contrast, for the in-plane
components (&xx = &yy), the maximum value of & (o) is
about 40 at approximately 0.7 eV photon energy. This
suggests that the electronic transitions along the c-axis
are stronger than those within the basal plane. Several
peaks can be observed in the energy range of (0-5) eV,
corresponding to interband transitions from the

20

15

-
=]
|

U
1

valence bands to the conduction bands. Furthermore,
the value of &(w) drops to zero beyond 7.5 eV,
indicating the cessation of interband transitions and
the material becoming transparent in that energy
region. The e = &y and &,, curves do not overlap,
which indicates optical anisotropy in the material. The
complex refractive index n.(w), which consists of a
real part (n(w)) and an imaginary part (k(o)),
describes the speed and bending behavior of light as it
passes through a medium. It is given by equation-(17),
(Ali et al., 2016; Ali et al., 2025);
Ne(w) =n(w) + ik(w) (17)
The refractive index (real part) n(w) is calculated
using equation-(18), (Ali et al., 2025; Singh, 2006);
1

2, .2 2
ef+e5 + £

2 2

n(w) = (18)
And the extinction coefficient (imaginary part) k() is
estimated by equation (19), (Ali et al., 2025);

1

5 5 2
k(a)) = —E%+E% &

2 2

(19)

The variation of refractive index and extinction
coefficient with the photon energies are shown in
Figures 6a and 6b, respectively.
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Figure 6. (Colour online) The variation of refractive index and extinction coefficient of H2InN MAX phase compound; (a)
variation of refractive index with photon energy, and (b) variation of extinction coefficient with photon energy

The refractive index n(), is a dimensionless quantity
that describes the path followed by light as it passes
through a medium (Ali et al., 2016). In Figure 6a,
which shows the refractive index plot, the value of the
static refractive index n(0), for both the in-plane (exx=
gyy) component and the out-of-plane (g,,) component
is positive and large. This reflects the metallic nature
of HE>InN. The peak value of n(®) for e = &yyand &,
are found to be approximately 7.52 and 18.7,
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respectively. These peak values for both components
appear in the infrared (IR) region (0.00-1.60) eV.
Therefore, H,InN has potential applications in the
field of infrared waveguides and photonic devices.
The value of n(w) gradually decreases with increasing
photon energy. This suggests that high-energy photons
(>6 eV) are refracted to a lesser extent by the material.
The extinction coefficient k(w) measures the amount
of light absorbed per unit distance by the material (Ali
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et al., 2016). The peak in k(w) reflects strong
absorption of light by the material. The value of k(®)
at 0 eV appears to be small, but both the in-plane and
out-of-plane components increase very rapidly. This
indicates the intra-band transitions, which are
characteristic of metallic conductivity. The maximum
value of k(w) for the out-of-plane (g,,) component is
9.4, which occurs near 0.26 eV of photon energy. In
contrast, the peak value for the in-plane (exx = &yy)
component, approximately 3.5, appears at around 1.5
eV. The higher value of the &,, component suggests

2e+06

1.5e+06

-1

1e+06

o () cm

5e+05

stronger electronic transitions along the c-axis.
Distinct peaks are observed between (1.5-3.0) eV
(visible region), corresponding to inter-band
transitions. Figure 6b) also indicates the optical
anisotropy of Hf2InN, as evidenced by the distinct
curves of the &« = &yy and &,, components.

The wvariation of absorption coefficient a(w) and
energy loss function L(w) with their corresponding
photon energies are shown in Figure 7a and 7b,
respectively.
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Figure 7. (Colour online) Variation of the absorption coefficient and energy loss function with photon energies of Hf2InN
MAX phase compound; (a) absorption coefficient with photon energies of H2InN, and (b) energy loss function with photon
energies of HR2InN. The absorption coefficient and energy loss function of material are plotted along y-axis and
corresponding photon energies are taken along x-axis

The a(w) provides information about the penetration
depth of light into a material at a specific frequency
before being absorbed (Ali et al, 2016). It is
calculated using the equation (20), (Ali et al., 2025);

1
2,2 2
20 g1+er g

a(w) = — > 2 (20)

In Figure 7a, the peak of a(w) indicates that light is
efficiently absorbed at a particular photon energy. Two
distinct curves are observed for the &xx= €,y component
and the &,, component, revealing the optical anisotropy
of Hf>InN. At low photon energies (< 1 eV), the value
of a(m) is small. It gradually increases with increasing

In Figure 7b, the minimum value of L(®) appears in
the low energy (IR) region, indicating the absence of
collective electrons excitations and suggesting the
metallic nature of the material. However, a sharp peak
for the out-of-plane (e,;) component is observed at
around 1.5 eV of photon energy. The significant peaks
for both the in-plane and out-of-plane components
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photon energy, reaching a maximum of 1.41x10° at
4.91 eV for the g = &yy component and 1.66x10° at
5.49 eV for the &,, component. Hence, strong light
absorption occurs in the UV region, indicating that
HfInN can be used in UV mirror and optoelectronic
devices.

The energy loss function L(w), represents the amount
of energy lost by a fast electron as it travels through
the material. L(w) indicates energy loss due to the
collective oscillation of electron (Ali et al., 2016).
The energy loss function is calculated using equation
(21), (Ali et al., 2025);

€
L(w) = &2 +2£%

2

appear in the high-energy (UV) region. The ratio of
the energy of the reflected wave to that of the incident
wave striking the surface of a material is known as
reflectivity (reflection coefficient) R(w). Reflectivity
provides information about the fraction of light
reflected rather than absorbed. It is calculated using
the relation (22), (Ali et al., 2025);
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_ (n—-1)2+k?2
T (n+1)2+k2

R(w) (22)

The wvariation of reflectivity of Hf;InN with its
corresponding photon energy is shown in Figure 8.

0.9

0.8

0.7

Photon energy (eV)

Figure 8. (Colour online) Variation of the reflection coefficient (reflectivity) of Hf2InN with photon energy, where photon
energy (eV) is plotted on the x-axis and reflectivity R(®) is plotted on the y-axis

The value of static reflectivity (reflectivity at 0 eV),
R(0), is high for both components. For the in-plane
(exx = &yy) component, R(0) is about 0.6 (60%
reflection), while for the out-of-plane (€.,) component,
it is about 0.8 (80% reflection, 20% absorption). This
indicates a large presence of free electrons, suggesting
that the material exhibits metallic character. In the
energy range (2.00-5.00) eV, multiple peaks in R(w)
are observed, corresponding to inter-band transitions.
The &, curve is consistently higher than the e = gy
curve, indicating stronger reflection perpendicular to
the basal plane. The distinct curves of &« = gyyand &,

components reveal that the material exhibits
anisotropic reflectivity.

CONCLUSION

We investigated the structural, mechanical,
dynamical, electronic, magnetic, and optical

properties of the HLInN MAX phase compound. The
calculations are performed using first principles
methods based on density functional theory (DFT).
The exchange-correlational interactions are computed
using GGA: PBE functional, and Quantum
ESPRESSO (QE) is employed as the computational
tool. We first optimized the unit cell structure and then
calculated the lattice parameters, bond lengths, and
ground-state energy. The results are evaluated and
compared with previously reported data, indicating
that the material is structurally stable. The mechanical
properties of the material are studied by analyzing
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parameters such as moduli of rigidity (B, G and E),
Poisson’s ration (v), Pugh’s ratio (B/G), Cauchy
Pressure (Pc), Kleinman’s parameter ({), Vickers
hardness (Hy), and Universal elastic anisotropy (Au).
These parameters are determined using elastic
constants Cj of HfbInN. The HfzInN satisfies the
mechanical stability criteria, indicating that the
material is mechanically stable. The Poisson’s ratio
and Pugh’s ratio suggest that the material exhibits a
brittle nature. Similarly, we found that Hf,InN exhibits
metallic bonding, as indicated by the Cauchy Pressure,
and resists external pressure through bond stretching,
as indicated by the Kleinman’s parameter (£). The
Vickers hardness and universal elastic anisotropy
confirm that Hf>InN is significantly hard and exhibits
elastic anisotropy, respectively. Furthermore, the
phonon frequency curve verifies the material’s
dynamical stability. The energy band plot and density
of states (DOS) reveal the metallic nature of the
material. The total DOS (TDOS) plot shows that the
up- and down-spin states are symmetrically
distributed at the Fermi energy level, indicating that
the material is non-magnetic. This result is further
supported by the partial DOS (PDOS) plot. The
optical properties, including the dielectric functions,
refractive index, extinction coefficient, absorption
coefficient, energy loss function, and reflectivity, are
studied in detail. The study revealed that the material
exhibit strong light absorption in the UV region,
distinct energy loss peaks, and high reflectivity.
HfInN also shows pronounced optical anisotropy, as
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the curves of the in-plane (e« = &yy) and out-of-plane
(&22) components do not overlap. Overall, Hf>InN is
structurally, mechanically, and dynamically stable,
with potential applications in optoelectronic devices,
UV mirrors, and high-temperature materials.
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