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ABSTRACT

The MAX phase compounds possess both ceramic and metallic properties and have
attracted great attention from researchers. In this work, we studied the structural,
mechanical, optical, magnetic, electronic, and dynamical properties of the Hf,CdN MAX
phase compound using the density functional theory (DFT) method through the Quantum
ESPRESSO as a computational tool. The low value of ground-state energy confirms the
structural stability of our compound. The calculated elastic constants of Hf,CdN satisfy
Born’s stability criteria, indicating that it is mechanically stable. Based on the estimated
mechanical parameters, Hf,CdN exhibits anisotropic behavior, metallic-like bonding, and a
brittle nature. The phonon frequency curve shows positive values, confirming that the
compound is dynamically stable. From the analysis of band structure and density of states
(DOS) plots, it reveals that some energy bands cross the Fermi level, indicating metallic
behavior. A high absorption coefficient is observed in the visible and UV regions, suggesting
potential applications in optoelectronic devices. The strong reflectivity in the UV region
further highlights its suitability for radiation shielding and UV mirror materials. Additionally,
the high refractive index in the infrared region suggests possible use in optoelectronic
applications. From the partial and total, density of states (PDOS and TDOS) analyses, we
confirm that Hf,CdN is nonmagnetic due to the symmetric distribution of spin-up and spin-
down electron states near the Fermi level. Overall, our findings provide fundamental
insights into the properties of Hf,CdN and its potential applications in various technological
fields, such as it would be used in the fields of optoelectronic devices, UV radiation

detectors, mirror coatings in UV lasers, and thermal imaging coatings.

1. INTRODUCTION

MAX phase compounds have a wide range of applications due to
their interesting and unique combination of metallic and ceramic
properties [1]. High-temperature coatings, magnetic sensors, and
energy storage devices are some of their application areas [2, 3].
In general, MAX phases are denoted by the formula Mn.1AX,,
where M is an early transition metal, A is a group A element, and
X is carbon or nitrogen [4]. Hf,CdN is a 211-type MAX phase
compound, where Hf, Cd, and N correspond to M, A, and X,
respectively. The electronic configurations of Hf, Cd, and N are [Xe]
4f“5d%6s?, [Kr] 4d'°5s%, and 1s22s?2p®, respectively. This
compound crystallizes in a hexagonal structure with space group
P6s/mmc (No. 194) [5]. In this structure, Hf layers alternate with
Cd layers, and N atoms located inside the Hf-centered octahedra
form Hf-N bonds. Hadi and co-authors in 2015, investigated the
fundamental properties of Mo,GaC, Nb,AsC, Nb,InC, and Ti.GeC
using the plane-wave pseudopotential method [6]. Ali and co-
authors studied the physical properties of a new MAX phase
compound, Mo,TiAIC,, using the density functional theory (DFT)
method [7]. Roknuzzaman and co-workers in 2017, explored the
first Hf-based 312 MAX phase compound using a first-principles
approach [8]. Sultan and co-authors in 2018, examined the
physical properties of M,InC (M = Zr, Hf, Ta) using the DFT
approach [9]. In 2019, Hadi and co-authors studied the physical,
lattice thermal conductivity, and vibrational properties of Lu,SnC
[10]. The computational prediction of boron-based MAX phases
and MXene derivatives is carried out by Miao and co-authors [11].
Using a first-principles approach, Yang and his team in 2022,
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studied the elastic properties, tensile strength, damage tolerance,
and electronic and thermal properties of TM3AIC, (TM =Ti, Zr, and
Hf) MAX phase compounds [12]. Belkacem and co-authors in
2022, investigated the stability and efficiency of the new MAX
phase compounds MsGaC, (M = Ti or Zr) [13]. Rougab and
Gueddouh in 2023, explored the structural stability, elastic
anisotropies, and mechanical and thermodynamic properties of
Hf,GeX (X = C, N, and B) using first-principles calculations [14]. Haq
and his team in 2024, studied the physical properties of CroPX (X =
C and N) MAX phase compounds using a first-principles
calculations [15]. Rijal and co-authors in 2025, investigated the
physical properties of Ti,CdC and Ti,SC MAX phase compounds
using the DFT method [16]. From these studies, it can be inferred
that MAX phase ompounds have potential applications in thermal
barrier coatings, optoelectronic devices, thermal shock-resistant
materials, solar heating, and coating technologies. Among the
reviewed literature on MAX phase compounds, to the best of our
knowledge, the structural, mechanical, magnetic, optical,
dynamical, and electronic properties of the Hf,CdN MAX phase
compound have not yet been explored. Therefore, our study is
motivated by the need to investigate these properties of Hf,CdN
using first-principles calculations with in Quantum ESPRESSO (QE)
as a computational tool [14, 15].

2. METHODOLOGY

The structural, mechanical, dynamical, electronic, magnetic, and
optical properties of the Hf,CdN MAX phase compound were
investigated using the density functional theory (DFT) method [17]
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implemented in the Quantum ESPRESSO (QE) as a computational
tool [18]. All calculations are performed using the Perdew—Burke—
Ernzerhof (PBE) functional with ultrasoft pseudopotentials (USPs)
[19]. For the structural visualizations and graphical exploration, we
have used XCrysDen and XmGrace [20, 21]. The structural
parameters of the MAX phase compound are optimized using a
plane-wave-based DFT method within the GGA-PBE
approximation, where the exchange—correlation functional is
treated using ultrasoft pseudopotentials (USPs). A kinetic energy
cutoff of 520 eV and a Monkhorst—Pack (MP) [22] k-point mesh of
(8 x 8 x 8) for band structure and (16 x 16 x 16) for the density of
states (DOS) and partial DOS (PDOS) calculations are used. The
lattice constants and atomic positions are fully relaxed until the
residual forces are less than 0.01 eV/A and the total energy
converged within 107 eV. After structural optimization, the bond
lengths are determined. Based on the M—X and M—A bond lengths,
the nature of atomic bonding (ionic or metallic) is analyzed. The
elastic constants C; are calculated using the stress—strain method
within DFT [23]. For the hexagonal crystal system, the five
independent elastic constants Ci1, Ciz, Ciz, Ca3, and Cas are
computed. The Voigt—Reuss—Hill approximations [24, 25, 26] are
employed to derive various mechanical properties, including the
bulk modulus (B), shear modulus (G), and Young’s modulus (E). To
assess ductility or brittleness, Poisson’s ratio (v) and Pugh’s ratio
(B/G) are calculated. The universal anisotropic index [27] is used
to evaluate elastic anisotropy (isotropic or anisotropic nature).
Additionally, Kleinman’s parameter [28] is computed to
characterize the bonding nature in terms of stretching or bending.
For the hardness properties, the Vickers hardness is calculated.
The highly symmetric points within the Brillouin zone are
determined using QE. To confirm dynamical stability, phonon
frequency plots are generated along these high-symmetry points,
and the nature of the phonon dispersion is analyzed. The
electronic structure is calculated using DFT, plotting the band
structure along the high-symmetry points and the density of
states (DOS) to investigate the electronic response. To study
magnetic behavior, the spin-up and spin-down electron
distributions near the Fermi level are examined using the DOS
versus energy plot. The partial density of states (PDOS) is analyzed
to identify which orbitals contribute most or least to the electronic
states. Based on the DFT-derived electronic structure, the
frequency-dependent dielectric function g€(w) is computed using
the random phase approximation (RPA) [29, 30]. The real part, €1
(w), is obtained via the Kramers-Kronig relation [31], while the
imaginary part, €;(w), is derived from direct inter-band transitions.
These dielectric functions are further used to calculate optical
conductivity, reflectivity, energy-loss function, extinction
coefficient, absorption coefficient, and refractive index. Optical
anisotropy is assessed by analyzing these properties along
different principal components of the dielectric tensor (Ex, Eyy,
Ez).

3. RESULTS AND DISCUSSION

In this section, we discuss the key findings of the present study.

3.1 Structural Properties
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The unit cell of the Hf;,CdN MAX-phase compound belongs to the
space group P6s/mmc is shown in Fig. 1.
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Fig. 1: (Colour online) the optimized and relaxed unit cell structure
of Hf,CdN MAX phase compound.

By analyzing the lattice parameters, bond lengths, and minimum
ground-state energies, we studied the structural properties of
Hf,CdN. The calculations are performed using the GGA with PBE
functional. The relaxed structure of Hf,CdN is prepared for these
calculations. The lattice parameters are initially calculated using
the PBE functional and found to be a=b=3.295 A and c=15.05 A.
The bond lengths between Hf-Cd, Cd—-N, and Hf-N are also
calculated using the PBE functional and found to be 3.155 A, 4.217
A, and 2.273 A, respectively, before relaxation. After relaxation,
the lattice parameters are determined to be a=b=3.2598 A and
c=14.6725 A, while the bond lengths between Hf-Cd, Cd—N, and
Hf-N are 3.1058 A, 4.122 A, and 2.230 A, respectively.

Table 1: The estimated values of lattice parameters and bond
lengths of nearest two atoms present in the material for PBE
functional of optimized and relaxed structures of Hf,CdN.

Estimated parameters Present Reported
work work [33]
Hf,CdN

Lattice Parametera=b 3.2598 3.1760

(A) .

Lattice Parameter c (A) 14.6725 14.4530

Bond Length Hf-Cd(A) 3.1058

ond Length Cd-N(A) 4.1220

Bond Length Hf-N(A) 2.2300

Bond Length Hf-C(A)
Bond Length Cd-C(A)

These values are in good agreement with previously reported
values for211-based MAX-phase compounds [32]. In addition, the
ground-state energy of Hf,CdN is calculated using the PBE
functional and found to be —-64.716 eV, which is in good
agreement with previously reported values [32]. This relatively
low energy indicates a high binding energy, as binding energy and
ground-state energy are inversely related. This reflects a tightly
bound structure, confirming that the material is structurally
stable. Based on the calculated bond lengths, lattice parameters,
and ground-state energy, the stability of the material is further
confirmed. All the estimated structural data are presented in
Table 1.
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3.2 Mechanical Properties

The mechanical properties are investigated based on the values of
elastic parameters and the modulus of rigidity. The mechanical
stability and strength of the MAX phase compound under
compression are analyzed after applying a certain amount of
pressure to the material. In the present work, we have explored
the mechanical properties of the Hf,CdN MAX phase compound
using different elastic constants. The mechanical stability of the
MAX phase compound can be confirmed by the Born stability
criterion. Since the Hf,CdN compound has a hexagonal structure,
it consists of five independent elastic constants: Cy, Ci2, Ci3, Css,
and Cas. The compound is considered mechanically stable if it
satisfies the Born stability criteria given by equations (1), (2), (3) &
(4), [341:

Cu1> |C12|

2C213< C33 (C1 + Ca2)
C44 >0

Ces>0>

... (1)
... (2)
...(3)

- (4)
The elastic constants of the Hf,CdN compound satisfy the Born
stability criteria and, hence, the material is mechanically stable.
For evaluating different mechanical properties, we used the Voigt-
Reuss-Hill approximations [24, 25, 26]. The bulk modulus (B), shear
modulus (G), and Young’s modulus (E) collectively referred to as
moduli of rigidity are calculated using equations (5), (6), and (7),
respectively [35]:

2 2¢q+C:
B=;(C11+C12+%) . (5)

G=1- (7C11 + 201, — 4Ci3 — 5C1 + 12C4) ... (6)
9BG

T 3B+G -(7)

Using the PBE functional, the values of B, G, and E for the Hf,CdN
compound are found to be 143.72 GPa, 90.44 GPa, and 224.28
GPa, respectively. The high values of the module of rigidity indicate
that a large amount of force is required to deform the material.
Thus, the Hf,CdN compound exhibits high rigidity, meaning it
resists deformation and tends to retain its original shape. The
positive or negative value of the Cauchy pressure denotes the
bonding nature of any MAX phase compound [36]. For Hf,CdN, the
Cauchy pressure is found to be -2.8 GPa (negative), indicating
metallic-like bonding. The anisotropic nature of the compound is
determined by the universal anisotropic index, given by equation
(8), [27]:

Gy By
A=5ED + (-6 (8)

R R
Here, Gy and Ggrrepresent the shear modulus, while By and
Bgrepresent the bulk modulus for the Voigt and Reuss
approximations, respectively. If the value of the universal
anisotropic index is positive, the compound is considered
anisotropic [27]. We found the value of the universal anisotropic
index to be 0.12, indicating the anisotropic nature of Hf,CdN. The
Vickers hardness coefficient, which measures the hardness of a
compound, is given by equation (9) [37]:

1.137
H, =092(%)"" goros .9)

Typically, MAX phase compounds have a Vickers hardness greater
than 2 GPa [37]. Supporting this fact, the Vickers hardness (H,)) is
found to be 13.188 GPa, 12.818 GPa, and 13.866 GPa using the
Voigt, Reuss, and Hill approximations, respectively. These values
further confirm the hardness of the Hf,CdN compound. Based on
the Kleinman parameter (), the resistance to deformation (either
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bending or stretching) can be determined. If the value of T is
greater than 0.5, the material exhibits stretching behavior,
whereas a value less than 0.5 indicates bending behavior [37]. The
parameter is given by equation (10) [37, 38]:
2C,,+8C

= ﬁ ...(10)

The T value of 0.48 for Hf,CdN, being less than 0.5, indicates a
bending-resistant nature for the PBE functional. Using Pugh’s ratio
and Poisson’s ratio, we can determine whether the compound is
brittle or ductile [39]. Pugh’s and Poisson’s ratios are given by
equations (11) and (12), respectively [39]:

Pugh’s ratio =§ ... (11)
3B—2G

2G510) ... (12)
Poisson’s ratio greater than 0.26 indicates the ductile nature of a
MAX phase compound, while a value less than 0.26 signifies
brittleness [39]. Based on our analysis, the Poisson’s ratios are
found to be 0.240, 0.241, and 0.241 for the Voigt, Reuss, and Hill
approximations, respectively, confirming the brittle nature of the
Hf,CdN compound. Similarly, for Pugh’s ratio, a value less than
1.75 indicates brittleness, whereas a value greater than 1.75
represents ductility [39]. We obtained Pugh’s ratio values of 1.59,
1.61, and 1.59 for the Voigt, Reuss, and Hill approximations,
respectively. These values indicate that the compound under
investigation exhibits a brittle nature. The Table 2 and Table 3
presents the stiffness tensor and estimated value of modulus of
rigidities, Poisson ratio, Pugh’s ratio, and Vickers Hardness
coefficient with Voigt, Reuss, and Hill approximations of the
Hf,CdN MAX phase compound.

Table 2: the estimated values of stiffness tensors (Cj) GPa of
Hf,CdN MAX phase compound for PBE functional.

Poisson’s ratio (6) =

o 1 2 3 4 5 6

(i/i)

1 289.16 76.77 83.71 0.00 0.00 0.00

2 76.77 289.19 83.71 0.00 0.00 0.00

3 83.71 83.71 226.72 0.00 0.00 0.00

4 0.00 0.00 0.00 79.52 0.00 0.00

5 0.00 0.00 0.00 0.00 79.52 0.00

6 0.00 0.00 0.00 0.00 0.00 106.21

Table 3: the calculated values of bulk modulus (B), Young modulus
(E), shear modulus (G) Poisson ratio (6), Pugh’s ratio (B/G), and
Vickers Hardness coefficient (H,,) of Hf,CdN compound with Voigt,
Reuss, and Hill approximations.

Mechanical Voigt Reuss Hill
Properties

B (Gpa) 143.72 142.31 143.01
E (Gpa) 224.28 219.95 222.12
G (Gpa) 90.44 88.52 89.41
6 0.24 0.24 0.24
B/G 1.59 1.61 1.59
H, (Gpa) 13.11 12.69 12.90

3.3 Optical Properties

When electromagnetic radiation interacts with the surface of a
material, phenomena such as reflection, refraction, and
polarization occur [40]. A detailed and precise study of optical
properties opens the door to numerous potential applications in
various sectors, including energy storage, optoelectronics, and
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sensing devices [2, 23]. In this work, based on the electronic
structure derived from DFT, the random phase approximation
(RPA) is used to compute the frequency-dependent dielectric
function, €(w) [41]. In this section, we discuss the optical
properties of the Hf,CAN MAX phase compound by analyzing its
dielectric functions (tensors), reflection coefficient, refraction
coefficient, energy loss function, and extinction coefficient. We
analyzed the real and imaginary parts of the dielectric function
over a photon energy range of 0 to 25 eV. For other optical
properties, different ranges of photon energies are used. In each
plane, the dielectric tensor is an important concept that measures
the dielectric response when an electric field is applied.
Mathematically, the complex dielectric function is expressed as;
g(w) = g(w) +igz(w) ... (13)

where &;(w)is the real part of the dielectric function (real
component of the dielectric tensor) and &,(w)is the imaginary
part (imaginary component of the dielectric tensor) [42]. The real
part, &(w), is obtained using the Kramers—Kronig relation, while
the imaginary part, €,(w), was evaluated from direct inter-band
transitions [31]. These components are used to calculate optical
conductivity, reflectivity, energy-loss function, extinction
coefficient, absorption coefficient, and refractive index, which are
essential for investigating optical properties. We analyzed these
optical properties for the different principal components of the
dielectric tensor (E., Eyy, Ez) to confirm the optical anisotropy of
the material. Mathematically the real dielectric function &;(w) and
imaginary dielectric function g,(w) is given by equations (14) &
(15) respectively, [43, 44]:

2 00 o' €, (w' ,
a() =1+2p 2% a0 ...(14), and
8 . dsk
£2(w) =mf2fi{Pfl(K)}z wasi(K) ... (15)

The real part of the dielectric tensor, or the real dielectric function,
describes the energy-storing capacity or polarization of a material.
Figure 2 shows the real dielectric function versus photon energy,
with the dielectric function plotted on the y-axis and the
corresponding photon energies on the x-axis. We analyzed the
graph in two cases: first, the variation of dielectric properties when
the applied field is perpendicular to the plane of the material (Exx,
Eyy in-plane) and second, when the applied field is parallel to the
plane of the material (E;, out-of-plane). When a material is
subjected to an electric field, its ions become polarized and shift
slightly. The greater the applied field, the greater the polarization,
and consequently, the higher the energy-storing capacity. The plot
shows a non-zero value of the real dielectric function at zero
photon energy, indicating that the material can store energy even
in the absence of light. This behavior is due to the presence of
metallic bonding between Hf and N and the bond between Hf and
Cd. Several peaks appear in the (0-3) eV photon energy range, and
the peak values of the real dielectric function arise due to
resonance effects. At low frequencies, the energy is small, which
allows both lighter and bound electrons to contribute to
polarization, resulting in maximum polarization. Conversely, at
high frequencies, the heavier or tightly bound electrons cannot
respond effectively to the applied field, leading to reduced
polarization. Beyond a certain frequency, the material no longer
interacts with light and becomes transparent. The negative values
observed at the plasma frequency indicate the metallic nature of
the compound. In these regions, the material does not store
energy. We found that the real dielectric function reaches its
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maximum value of 39.80 at nearly 0 eV photon energy for E,x = E,y.
The graph then sharply decreases, showing some peaks in the
infrared region, and becomes negative in the visible region. For
E., the graph starts from zero, reaches a maximum value of 33.21
at approximately 1.30 eV photon energy, and then sharply
decreases, becoming negative at 1.75 eV. As the photon energy
increases further, the graph exhibits several peaks in the visible
and ultraviolet regions. Beyond this range, the dielectric function
gradually disappears. From the analysis, we found that the
maximum dielectric function occurs for Ex = E,y. Fig. 2 illustrated
the variation of real dielectric function with the different values of
photon energies of considered compound.
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Fig. 2: (Colour online) the variation of real dielectric function with
the photon energy of Hf,CdN MAX phase compound for PBE
functional. The inset represents the zoom scale of the real
dielectric function versus photon energy plot.

The imaginary part of the dielectric function describes the
absorption or energy loss that occurs when the electrons in a
material are exposed to light (photons). This phenomenon arises
due to inter-band transitions [45], which occur when the photon
energy is exactly equal to the energy required for electrons to
jump from the occupied valence band to the unoccupied
conduction band. At this point, resonance occurs, resulting in
peaks appearing in the (0-3) eV range, corresponding to the low-
frequency region. The negative value near 0 eV photon energy
indicates the metallic nature of the compound. Beyond a photon
energy of approximately 10 eV, the material becomes
transparent, meaning that light no longer affects the material and
no energy loss occurs. A zero value of the imaginary dielectric
function indicates that no inter-band transitions occur at that
photon energy. For Ex = E,y, the graph exhibits several peaks in
the infrared and visible regions, reaching a maximum of 28.54 at
around 1.8 eV photon energy. For Ezz, the curve starts from a
negative value, rises sharply to a maximum of 38.57 at
approximately 2.3 eV, and then begins to decrease. Several peaks
are also observed in the ultraviolet region; however, at higher
photon energies, the curve vanishes. The maximum value of the
imaginary dielectric function is found for E,,. In both cases of the
dielectric function, we found from the graphs that the dielectric
function responds primarily at low photon energy. Fig. 3 llustrated
the variation of imaginary dielectric function with the different
values of photon energies of considered compound.
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Fig. 3: (Colour online) the variation of imaginary dielectric function
with the photon energy of Hf,CdN MAX phase compound for PBE
functional. The inset represents the zoom scale of the imaginary
dielectric function versus photon energy plot.

The absorption coefficient determines how strongly a material
absorbs light at a given photon energy [46]. A high absorption
coefficient means that photons are quickly absorbed by the
material, whereas a low absorption coefficient indicates that
photons of that frequency can penetrate deeper into the material.
Several peaks also appear in the spectrum due to inter-band
transitions. The plot of the absorption coefficient, a(w), versus
photon energy is shown in Fig. 4.
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Fig. 4: (Colour online) the variation of absorption coefficient with
the photon energy of Hf;,CdN MAX phase compound for PBE
functional.

The absorption coefficient, a(w), is plotted along the y-axis against
photon energy on the x-axis. We calculated a(w) using the
following equation (16), [40]:
z_w(w/s§+s§ _ ﬂ)

C 2 2

(w) =

Analyzing the graph, the absorption coefficient of Hf,CdN reaches
a maximum in the ultraviolet region, with a value of 1.0024 x 108
for Exx = Eyy. For E;;, the maximum value is 1.4305 x 108, observed
in both the ultraviolet and visible regions. The highest peak occurs
for E,; in the ultraviolet region.

... (16)

Reflectivity determines how much light is reflected from the
surface of a material when electromagnetic waves interact with it
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[32]. It also provides information about the electronic and optical
response of the material [40]. A non-zero reflectivity indicates the
presence of free electrons, suggesting metallic character. The
reflectivity at O eV photon energy is called the static reflectivity,
which Hf,CdN exhibits. Several peaks appear in the spectrum due
inter-band transitions. The plot of reflectivity, R(w), versus photon
energy is shown in Fig. 5.
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2 3
Photon energy (eV)

Fig. 5: (Colour online) the variation of reflection coefficient with
the photon energy of Hf;,CdN MAX phase compound for PBE
functional.

The reflectivity is plotted along the y-axis, and the corresponding
photon energy is plotted along the x-axis. The reflection
coefficient, R(w), is calculated by equation (17), [47]:

_1\24 K2
R(w)_(n 1)°+K

T (+1)2+K?

It is observed that the maximum reflectivity of Hf,CdN for Ex = E,y
occurs in the ultraviolet region, with a value of 0.65, meaning that
35% of the light is absorbed by the material. For E,;, the maximum
reflectivity occurs at 5.5 eV photon energy, beyond the ultraviolet
region, with a value of 0.78, indicating that 22% of the light is
absorbed. For both E. = E, and E, several peaks are observed in
the infrared, visible, and ultraviolet regions. The maximum
reflectivity is found for E.

... (17)

The energy-loss function measures the inelastic scattering of
electrons, since the imaginary part of the dielectric function
describes how a material absorbs energy [40]. The important
optical property, the energy-loss function characterizes the
energy lost by an electron as it moves rapidly through a material,
indicating how electrons (or photons) dissipate energy within the
material. Due to the static response, the energy loss is very low at
low frequencies or low photon energy. Figure 6 shows the plot of
the energy-loss function, L(w), versus photon energy, with L(w)
plotted along the y-axis and photon energy along the x-axis. The
energy-loss function is mathematically expressed by equation
(18), [38, 40]:
&

R

... (18)

In the photon energy range of approximately (6-7) eV, we found
the maximum energy-loss value for E, = E,, which is 0.68.
Similarly, for E,;, the maximum energy loss value is 0.50, observed
in the (7-8) eV range. For all response axes, the maximum energy
loss occurs in the (5-7) eV region. Overall, the highest energy-loss
value is found for Ex = Eyy.
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Fig. 6: (Colour online) the variation of energy loss function with
the photon energy of Hf;,CdN MAX phase compound for PBE
functional.

The refractive index describes how light propagates through a
material [44]. It is directly related to the real part of the dielectric
function, and the extinction coefficient [48]. Due to the metallic
nature of the material, the refractive index is non-zero at 0 eV
photon energy, which is referred to as the static refractive index.
A high refractive index indicates that light travels more slowly
inside the material than in a vacuum. By analyzing the refractive
index of a material, we can predict the bending behavior of light
and electromagnetic radiation as it passes through the material.
The refractive index of considered material is calculated by using
equation (19), [40]:

1
JET+E2

n(w) = (T + %)E ... (19)
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Fig. 7: (Colour online) the variation of refractive index with the
photon energy of Hf;CdN MAX phase compound for PBE
functional.

Fig. 7 shows the plot of the refractive index n(w), versus the
corresponding photon energy. The maximum refractive index is
observed in the infrared region, with a value of approximately
6.34 for Ex = E,y. For E,;, the maximum value is about 6.04, also in
the infrared region. Several peaks appear as the photon energy
increases. Overall, the refractive index is highest for Eyx = E,y.
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The extinction coefficient describes the level of absorption loss
experienced by electromagnetic waves as they travel through a
material. Fig. 8 shows the plot of the extinction coefficient versus
photon energy, with the extinction coefficient plotted along the y-
axis and the corresponding photon energy along the x-axis. The
extinction coefficient is calculated using the equation (20), [40]:

1

K(w) = (@ - %)2 ... (20)

For Ex = E,y, the maximum value of the extinction coefficient is
observed to be approximately 3.95 in the (1-2) eV region, whereas
for E,,, the maximum value is around 4.34 in the visible region. At
nearly 0 eV photon energy, a non-zero extinction coefficient is
observed, reflecting the metallic nature of the compound. The
higher value of E;, compared to E, = E,y indicates the layered
nature of the crystal, where electronic states along the c-axis
couple differently. From all the plots and values presented, we
conclude that the Hf,CdN compound exhibits anisotropic
properties, as Ex = Ey, but is not equal to E,, based on the PBE
functional.

2 3
Photon Energy (eV)
Fig. 8: (Colour online) the variation of extinction coefficient with
the photon energy of Hf;,CdN MAX phase compound for PBE
functional.

3.4 Magnetic Properties

Magnetic materials have a wide range of applications in both
academic and industrial fields [49, 50]. In this work, we examined
the magnetic properties of the Hf;,CdN MAX phase compound
using density of states (DOS) and partial density of states (PDOS)
plots, employing the PBE functional in DFT calculations. Each
atomic orbital in the material contains electrons with up- and
down-spin states. The distribution of these spin states determines
the magnetic moment of the material. At the Fermi energy level,
if the up- and down-spin states are distributed symmetrically, the
material will have a zero magnetic moment, indicating that the
material is non-magnetic [51, 52]. Similarly, if the up- and down-
spin states of electrons are not distributed symmetrically around
the Fermi energy level, the material will have a nonzero magnetic
moment, indicating that it is magnetic. The DOS plot of Hf,CdN,
with energy (eV) on the x-axis and density of states (DOS) on the
y-axis, is shown in Fig. 9.
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Fig. 9: (Color online) density of states (DOS) of Hf,CdN MAX phase

compound, where vertical blue dotted line represents Fermi
energy level and horizontal blue dotted line separates up- and
down-spin states.

The vertical blue dotted line represents the Fermi energy level,
and the horizontal blue dotted line separates the up- and down-
spin states. From the DOS plot computed using the PBE functional,
around the Fermi energy level, the up- and down-spin states of
electrons are distributed symmetrically. Therefore, we conclude
that the material is non-magnetic. The total density of states
(TDOS), represented by the black curve in the plot, also shows a
symmetrical distribution of up- and down-spin states, confirming
the non-magnetic nature of the Hf,CdN compound.

Furthermore, the magnetic properties of a material arise from the
different spin states (up and down) of its electrons. The partial
density of states (PDOS) provides insight into the contributions of
specific electron orbitals to the magnetic moment. Fig. 10 shows
the PDOS plot of Hf,CdN calculated using the PBE functional. From
the plot, it is evident that the 6s, 5py, 5py, 5Pz, 5dxy, 5die-y2, 5dxz, 5dy,
orbitals of the Hf atom have spin states distributed symmetrically
around the Fermi level.

08y -1I.5 — o5 o5 1 s 2
Fig. 10: (Color online) partial density of states (PDOS) of Hf,CdN
MAX phase compound, where vertical blue dotted line represents
Fermi energy level and horizontal blue dotted line separates up-

and down-spin states.

Although the 5d,? orbital of Hf also has a symmetrical distribution
around the Fermi level, it contributes the highest magnetic
moment, with values of 0.31ug/cell and -0.31pg/cell for the up-
and down-spin states, respectively. Similarly, the 5s, 4py, 4py, 4p,,
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4dyy, 4dye.2, 4dy,, 4dy,, 4d,? orbitals of Cd and the 2s, 2py, 2py, 2p;
orbitals of N show symmetrical contributions around the Fermi
level. Notably, the orbitals of the N atom contribute almost
nothing to the magnetic moment, with the 2p, orbital giving the
maximum contribution of 0.05 ps/cell. For the Cd atom, the 4p,
orbital has the maximum contribution of 0.04 pg/cell for both spin-
up and spin-down electrons. As a result, the Hf;,CdN compound
exhibits non-magnetic properties.

The Table 4 shows the magnetic moments contributed by the
individual orbital of Hf, Cd, and N atoms in the Hf,CdN MAX phase
compound.

Table 4: The calculated values magnetic moment (u) contributed
by each orbital of Hf, Cd and N atom in Hf,CdN compound.

Orbitals W of up-spin pof down-  pof Resultant
(s/cell) spin (s /cell)
(na/cell)
2s of N 0.0087 -0.0087 0.0000
2pxof N 0.0321 -0.0321 0.0000
2p,of N 0.0321 -0.0321 0.0000
2p; of N 0.0518 -0.0518 0.0000
5s of Cd 0.0474 -0.0474 0.0000
4p, of Cd 0.0319 -0.0319 0.0000
4p, of Cd 0.0319 -0.0319 0.0000
4p, of Cd 0.0400 -0.0400 0.0000
4d,, of Cd 0.0083 -0.0083 0.0000
4d2of Cd  0.0083 -0.0083 0.0000
4d,, of Cd 0.0072 -0.0072 0.0000
4d,, of Cd 0.0072 -0.0072 0.0000
4d2of Cd  0.0110 -0.0110 0.0000
6s of Hf 0.0524 -0.0524 0.0000
Spx of Hf 0.0448 -0.0448 0.0000
Spy of Hf 0.0448 -0.0448 0.0000
Sp, of Hf 0.0428 -0.0428 0.0000
5d2of Hf  0.2260 -0.2260 0.0000
5dyy of Hf 0.2260 -0.2260 0.0000
5dy, of Hf ~ 0.2033 -0.2033 0.0000
5dy, of Hf ~ 0.2033 -0.2033 0.0000
5d,? of Hf 0.3100 -0.3100 0.0000

3.5. Electronic Properties

To predict the electronic properties of a material, it is essential to
analyze its band structure and density of states (DOS) plots. In the
present work, we computed and analyzed the band structure and
DOS of Hf,CdN using the DFT method with the PBE functional. Fig.
11 shows the band and DOS plots of the compound under
consideration.

High-symmetry points are plotted along the x-axis, while the
corresponding energies are plotted along the y-axis. The vertical
green dotted lines parallel to the y-axis represent the high-
symmetry points (I, H, K, I, A, L, H). The horizontal green line
parallel to the x-axis represents the Fermi level, which separates
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Fig. 11: (Color online) band structure and density of states (DOS)
plots of Hf,CdN MAX phase compound, where horizontal dotted
line separates the electronic band in band structure and vertical

dotted lines represent the highly symmetrical points.

the valence and conduction bands. The valence band is located
below the Fermi level, and the conduction band is located above
it. Analyzing the band and DOS plots, it is observed that some of
the bands, shown in black, cross the Fermi energy level. This
indicates that the valence band maximum and the conduction
band minimum are identical, implying a zero-band gap, which
reflects the metallic nature of the material. In the band structure,
several bands cross the Fermi energy level, indicating the presence
of charge carriers (electrons or ions) that can move freely across
the Fermi level. Additionally, the DOS plot shows unoccupied
energy states appeared near the Fermi level, suggesting a
probability of charge carriers occupying these states. These
observations further confirm that the Hf,CdN compound is
metallic. Based on the results from both the DOS and band
structure plots, we concluded that Hf,CdN exhibits metallic
behavior.

The band structure and DOS analyses confirm the metallic
character of the compound, which arises from the presence of free
electrons at the Fermi level. These charge carriers play a key role
in determining the material’s optical behavior. In metals, the lack
of a band gap results in strong intrabank transitions, causing high
reflectivity and low transmittance in the low-energy region.
Additionally, the negative real part of the dielectric function at
lower photon energies further supports the metallic nature. Thus,
the optical response of the material is in good agreement with its
electronic structure, where the high density of electronic states
near the Fermi level governs the observed absorption and
reflectivity features.

3.6. Dynamical Properties

The dynamical stability of the Hf,CdN MAX phase compound is
examined using its phonon dispersion curve. Fig. 12 shows the
phonon frequency curve of the Hf,CdN compound.

The highly symmetric points (I, H, K, T, A, L, H) are plotted along
the x-axis, with phonon frequencies plotted along the y-axis. In the
curve, each vertical dotted line corresponds to a high-symmetry
point. The dynamical stability of the compound is evaluated using
the phonon frequency curve at each symmetric point [46]. We
observed that all frequencies are positive, indicating dynamical
stability. Each unit of the MAX phase contains eight atoms,
resulting in a total of twenty-four phonon branches, of which there
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are acoustic and twenty-one are optical. The optical branches,
located at the higher frequency range, determine the optical
behavior of the compound, while the acoustic branches, located
at the lower frequency range, correspond to coherent vibrations
of atoms. Optical vibrations arise from out-of-phase atomic
motions, whereas acoustic vibrations result from in-phase atomic
motions [46]. For Hf,CdN, the optical branches appear above 2
cm™. From the phonon frequency curve, all frequencies at every
symmetric point are positive, confirming the dynamical stability of
the compound. In Figure 12, the green curve represents the
acoustic bands, and the red curve represents the optical bands.
This confirms that the Hf,CdN compound is dynamically stable.
Additionally, we observe that the frequency of the acoustic modes
for Hf,CdN is zero at the T point, which further confirms the
dynamical stability of the compound.

Frequency (cm™)
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Fig. 12: (Color online) phonon frequency curve of Hf;,CdN MAX
phase compound, highly symmetric points (T, H, K, T, A, L, H) are
plotted along the x axis and corresponding photon frequency are

plotted along the y-axis.

4. CONCLUSIONS

We have investigated the structural, mechanical, optical,
magnetic, electronic, and dynamical properties of Hf,CdN
compound by employing density functional theory (DFT) with the
GGA-PBE functional. For the structural properties, we computed
the bond lengths, lattice parameters, and ground-state energy.
The computed values are in good agreement with those reported
values for other stable 211 MAX phase compounds, confirming
that Hf,CdN is structurally stable. For mechanical stability, we
calculated and analyzed various moduli and elastic constants. The
Born stability criteria are satisfied by Hf,CdN, indicating that the
compound is mechanically stable. The Zener anisotropy index is
found to be -3.03, which deviates from 1, suggesting anisotropic
behavior. The Cauchy pressure is computed -2.80, implying
metallic-like bonding. Pugh'’s ratio and Poisson’s ratio are less than
1.75 and 0.26, respectively, confirming the brittle nature of the
compound. Based on the Vickers hardness and Kleinman
parameter, we conclude that Hf,CdN exhibits significant hardness
and bond-stretching characteristics. For optical properties, we
plotted the variation of photon energy with the real dielectric
function, extinction coefficient, reflection, absorption coefficient,
refractive index, and energy loss function. The maximum energy
loss occurs in the UV region and beyond, compared to the infrared
and visible regions. The refractive index and extinction coefficient



Timsina et al./Api Journal of Science: Vol 2 (1) (2025) 54-64

are higher in the infrared region, suggesting high optical
conductivity. The reflectivity analysis shows that Hf,CdN has a high
reflection coefficient at low photon energies and in the UV region,
indicating its potential use as a radiation-shielding material. A high
absorption coefficient is observed in the visible and UV regions,
suggesting possible applications in optoelectronic devices. The
strong reflectivity in the UV region further highlights its suitability
for UV mirrors and radiation-shielding materials. The high
refractive index in the infrared region also supports its potential
for optoelectronic applications. Overall, the compound shows
strong optical response even at low photon energy. Since the
phonon frequency curve exhibits only positive frequencies at all
high-symmetry points, Hf,CdN is dynamically stable. The
electronic properties are investigated using band structure and
DOS plots. The band structure reveals several bands crossing the
Fermi energy level, indicating a very small or nearly zero bandgap
energy. The DOS at the Fermi level is nonzero, confirming good
electrical conductivity. From the DOS and PDOS analyses, we
conclude that the compound is nonmagnetic due to the
symmetrical distribution of spin-up and spin-down electron states
around the Fermi energy level.
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