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ARTICLE INFO ABSTRACT

Keywords: Integrating ceramic and metallic properties in MAX phases makes them highly desirable for
DFT study diverse technological applications. In this study, through first-principles density functional theory
MAX phases (DFT), we investigated the physical properties of two new 312 MAX compounds, M3GaBy (M = Ti,
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Hf). Chemical stability is confirmed via formation energy assessment, while mechanical stability
is established by determining elastic stiffness constants. A thorough analysis of mechanical be-
haviors includes bulk modulus, shear modulus, Young’s modulus, and hardness parameters.
MsGaB, demonstrates elastic constants and moduli closely aligned with other 312 carbides.
Understanding the electronic band structure and density of states (DOS) sheds light on metallic
properties, with anisotropy in electrical conductivity clarified through energy dispersion analysis.
Investigation of photon interaction with titled compounds, including dielectric constants (real
and imaginary parts), refractive index, absorption coefficient, photoconductivity, reflectivity, and
energy loss function, has been carried out. The potential of M3GaB; borides as a coating to reduce
solar is evaluated based on the reflectivity spectra. These findings deepen our understanding of
material properties and suggest diverse applications for M3GaBy in various technological
domains.

1. Introduction

Exploring novel compounds in the realm of advanced materials has long been a focal point of scientific inquiry and technological
advancement. MAX phase materials have emerged as a significant area of interest in this field due to their unique blend of metallic and
ceramic properties, offering diverse applications [1]. MAX phases, represented by the chemical formula M;;;AX; (or MAX), are
layered nanolaminate ternary carbides and nitrides that constitute a distinctive material class exhibiting both ceramic and metallic
characteristics, where n can vary from 1 to 3 [1-3]. These phases feature early transition metals (e.g., Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mn,
and Mo) from groups 3-6, A representing a group of elements following the old American nomenclature (e.g., Al, Si, Ge, Sn, Pb, P, As,
and S), and X being carbon, nitrogen, or boron [2-5]. With over 524 members, the MAX phases represent a family of inherently
nano-laminated ternary compounds encompassing carbides, nitrides, and borides [6]. The M-X bonds in MAX phase materials are
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exceptionally robust due to a combination of metallic and covalent bonding. In contrast, the M-A bonds exhibit comparatively lower
strength, contributing to their layered structure. This characteristic imparts nanolaminate MAX materials with outstanding thermal
and electrical conductivity, superior mechanical properties, and resilience against chemical degradation [7]. Among the diverse MAX
phases, the 312 MAX phases are particularly intriguing. The high metallicity of MAX phases is attributed to a significant density of
states (DOS) at the Fermi level, primarily contributed by the d-d orbitals of the M-element [8]. Similar to the 211 phases, the metallic
character of the 312 phases is predominantly governed by the contribution of M-d orbitals. Notably, the 312 phase possesses the
possibility of being etched out the A-layers, forming new 2D materials known as MXenes [9].

The MAX phase family initially expanded to My 1AXp,, with n variably equaling 1 or 2, following the initial discoveries of Ti3SiCa
and Ti3GeCy [10,11]. Since then, a plethora of M3AX; phases have been developed. In 1994, Pietzka et al. conducted a comprehensive
investigation on Ti3AlCy using wet chemistry methods [12]. Lin et al. achieved direct atomic resolution of layered ternary Ta-Al-C
carbides, focusing on the stacking properties of TaCy slabs and aluminum (Al) atomic planes and reported the bulk modulus [13]. In
2016, Lapauw et al. reported the synthesis and structural characterization of Zr3AlCy and Hf3AlCy, marking the introduction of the first
members of the 312 MAX phases in the Hf-Al-C system [14,15]. Subsequently, in 2017, Lapauw synthesized TizSnCp, Zr3SnCy, and
Hf3SnCy; MAX phases and characterized them using X-ray diffraction [16]. The synthesis of TisZnC,, employing a replacement reaction
between late transition-metal halides and MAX phase precursors, was presented by Li et al. in 2019, representing a unique top-down
synthesis approach for nano-laminated materials [17]. In 2023, Zhang et al. reported the synthesis of two new 312 MAX phases,
Zr3PbCy and Hf3PbC,, through spark plasma sintering, marking the first discovery of lead-containing 312 MAX phases [18].

The synthesis of MAX phase borides has expanded the MAX family, with theoretical investigations conducted by Khazaei et al. and
Surucu et al. [19,20]. Khazaei et al. pioneered the prediction of stability for MoAIB (M = Sc, Ti, Cr, Zr, Nb, Mo, Hf, and Ta) compounds
through the calculation of formation energies while also exploring their electronic and mechanical properties [19]. Surucu et al.
conducted a comprehensive study on the structural, electrical, elastic, and lattice dynamical characteristics of MoAB (M = Ti, Zr, Hf; A
= Al, Ga, In) compounds, noting the ductility of Tio,AB and Hf»AB [20]. Additionally, Miao et al. predicted several B-based thermo-
dynamically stable MAX phases and Mxenes [21]. Ali et al. utilized first-principles calculations to investigate further the MSB (M = Zr,
Hf, and Nb) MAX compounds [22], previously synthesized by Rackl et al. [23]. In recent years, significant attention has been devoted
to studying the electronic-structural, thermo-electric, and thermo-mechanical properties of MoAC and M2AB (M = Nb or Mo, A = Al or
Ga) compounds, revealing Ga as a promising A element for boride phases [24-26]. Despite extensive research on 211 MAX phases, no
report on the 312 MAX phase borides is available to date. Thus, for our present study, we have selected Ti3GaB, and Hf3GaBs in the first
attempt of 312 MAX phase borides, which is the main significance of this study.

In this study, we employ first-principles density functional theory (DFT) to investigate the ground state physical properties of
TisGaBg and Hf3GaB,. This investigation aims to shed light on how their elemental composition intricately influences their properties
by comparing the obtained results with those of their carbide counterparts. Our analysis encompasses their chemical and mechanical
stability, electronic band structure, and optical response to incident photons. Ti3GaBy and Hf;GaBy showcase remarkable properties,
blending ceramic and metallic characteristics, thus making them highly attractive for diverse technological applications. Furthermore,
the assessment of their potential as a coating material for mitigating solar heating underscores the practical significance of our
investigation. Overall, this research aims to contribute to the advancement of materials science and pave the way for the development
of innovative technologies, harnessing the considerable potential of MAX phase materials across various industries.

Fig. 1. The schematic unit cell structure of M3GaBs,.
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2. Computational methodology

We utilized the Cambridge Serial Total Energy Package (CASTEP) module within Materials Studio 2020 to conduct first-principles
DFT computations [27,28]. The electronic exchange and correlation were treated using the generalized gradient approximation (GGA)
of Perdew-Burke-Ernzerhof [29]. Vanderbilt-type ultrasoft pseudopotentials were employed to describe the electrostatic interaction
between valence electrons and ionic cores. We perform Pseudo-atomic calculations for the electronic orbitals of Ti (Ti - 3s% 3p°® 3d? 4s%),
Hf (Hf - 5d° 632), Ga (Ga - 3d'° 45> 4p1), and B (B - 25> 2p1). For plane wave expansion, we select a cutoff energy of 400 eV. Then, we
utilized the Monkhorst-Pack approach to generate a 13 x 13 x 2 k-point mesh for integration across the first Brillouin zone [30]. We
employed the density mixing approach to optimize the electronic structure, with atomic positions determined using the Broyden et al.
algorithm [31]. Comprehensive testing of Brillouin zone sampling and kinetic energy cutoff ensured convergence. Convergence
thresholds were set as follows: 5.0 x 10~7 eV/atom for energy, 5.0 x 10~° eV/atom for self-consistent field tolerance, 0.01 eV/A for
maximum force, 5.0 x 10~* A for maximum displacement, and 0.02 GPa for maximum stress. The Broyden-Fletcher-Goldfarb-Shanno
(BFGS) minimization method [31]was employed to systematically determine electronic wave functions and resultant charge density to
elucidate the ground state structural characteristics of the studied phases. The total energies of the unit cell were computed utilizing
periodic boundary conditions. The intrinsic “stress-strain” technique within the CASTEP program was utilized to derive elastic con-
stants, which were subsequently used to calculate elastic moduli based on the estimated elastic constant tensors Cj;.

3. Results and discussion
3.1. Structural properties

Fig. 1 depicts the unit cell structure of M3GaB, (M = Ti, Hf) 312 MAX phases. Like other MAX phases, M3GaB, (M=Ti, Hf), featuring
a hexagonal structure, belongs to the P63/mmc space group. Each unit cell comprises 12 atoms, with two formula units contained
within. In the optimized structure presented in Fig. 1, the Wyckoff positions 2a and 4f are occupied by M atoms, with respective
fractional coordinates of (0, 0, 0) and (2/3, 1/3, 0.1383). Ga atoms reside at the 2b Wyckoff site, with fractional coordinates of (0, 0, 1/
4), while B atoms are positioned in the 4f Wyckoff positions, with fractional coordinates of (1/3, 2/3, 0.0719).

Table 1 presents the geometry-optimized unit cell parameters alongside corresponding experimental and theoretical values. Our
computed values exhibit satisfactory agreement with both theoretically anticipated and experimentally determined values reported
prior to the compound’s synthesis.

As we aim to characterize the MAX phase borides for the first time, it is imperative to calculate the formation energy to validate
their stability. The formation energy of M3GaB, (M = Ti, Hf) was determined using the established formula commonly employed for
predicting MAX phase materials by Eq. (1) [34].

Eppe™ — (XEMy, + yESs, + 2E-

Epa0ePe — o x+y+ z ) ; M=Ti, Hf. W

In this context, the notation x = 6, y = 2, and z = 4 represents the quantities of M, Ga, and B atoms within the unit cell. The total
EMsAB,
total

EM.. , ES%,, and EB ., respectively. The predicted formation energies for Ti3GaB, and Hf3GaB, are —1.408 eV/atom and —1.458 eV/

solid > 'solid® s
atom, respectively.

energies of the M3GaBy MAX phase and the stable structures of individual atoms (M, Ga, and B) are represented by the symbols

3.2. Electronic properties

3.2.1. Band structure

A comprehensive understanding of the optical and transport properties of solids necessitates a thorough grasp of the electronic
band structure (EBS). Fig. 2 presents the energy-dependent EBS of M3GaBy (M = Ti, Hf) calculated along high-symmetry points in k-
space. The Fermi level (Eg), representing states at T = 0 K, is indicated by a horizontal dashed line. The metallic nature of the EBS is
readily apparent and characterized by a significant overlap between valence and conduction bands. Several valence bands intersect the
Er along the K-G and G-M directions, depicted in black, overlapping with conduction bands, resulting in a non-zero total DOS at Eg.
Furthermore, the EBS reveals direction-specific electrical conductivity, as evidenced by differences in energy dispersion. Paths along
the c-direction (G-A, H-K, and M-L) exhibit reduced energy dispersion compared to those in the basal planes (A-H, K-G, G-M, and L-H)
[35].

Table 1

Calculated lattice constants (a and c), c/a ratio, Zy;, Zg, and volume (V) of M3GaB, (M = Ti, Hf).
Phase a(d) cA) c/a Zn Zp v (A%
TizGaBy 3.15 19.20 6.09 0.133 0.070 165.11
Hf;GaB, 3.38 20.04 5.92 0.138 0.071 199.03
[32] Ti3GaC, 3.08 18.24 5.92 0.129 0.069(Z,)
[33] Hf3AIC, 3.28 19.66 5.99 0.132 0.0712(Z,) 183.66




A.K.M.N. Ishtiaq et al. Heliyon 10 (2024) e33651

‘m @)
E,
——Total ——Ga-s
—Tis —Gap
_’/ —Tip —Gad
—Tid —Bs
/ —
G ML H 3 10 '
DOS (states/eV)
d (b)
3
s H
20 Ee
=T >
é D
5 -31
s P
=
6
1
oK
GA HK G ML © 5 10 15

DOS (states/eV)

Fig. 2. Ebs and DOS of (a) Ti3GaB, and (b) Hf3GaB,.

The observed disparity in energy dispersion suggests a direction-dependent electrical conductivity, indicating a reduced level of
energy dispersion along the c-axis compared to the ab-plane. Consequently, indicating a higher electronic effective mass tensor for
conduction along the c-axis, relative to the ab-basal plane, implies an anticipated decrease in electrical conductivity along the c-di-
rection [36]. This characteristic arises from the densely packed layers of M and A atoms, along with the interstitial X atoms,
contributing to the material’s layered configuration and resulting in anisotropic properties, wherein the material exhibits varying traits
along distinct crystallographic axes [19]. The bonding nature within MAX phases profoundly influences their electronic band struc-
ture. Covalent bonds between Ti/Hf and B atoms lead to partially filled electron bands, thereby contributing to metallic conductivity.
In contrast, ionic bonding between Ga and B atoms may induce localized electron states, which can impact the EBS near the Fermi
level. These bonding characteristics give rise to intriguing electronic properties in MAX phases, including enhanced thermal stability,
excellent electrical conductivity, and robust mechanical properties [37].

3.2.2. Density of state (DOS)

We conducted computations on the total and partial DOS for M3GaB, (M = Ti, Hf) borides to analyze bonding characteristics and
the involvement of diverse electronic states in determining electronic conductivity. Fig. 2 illustrates the calculated DOS (total and
partial) of the M3GaBy phases, with the Er denoted by a vertical dashed line. These figures reveal that the DOS maintains a significant
magnitude at the Fermi energy, indicating metallic properties for all compounds [20]. To understand atomic orbitals bond, DOS can be
divided into two categories: bonding, non-bonding states (<EF), and anti-bonding states (>EF) [19,38]. In Fig. 2, the bonding states
involving the d-orbitals of M (M = Ti, Hf) and the p-orbitals of B are found at lower energy levels, resulting in the formation of strong
covalent M — B bonds. Conversely, anti-bonding states between the d-orbitals of M and the p-orbitals of B are found at higher energy
levels beyond the Fermi level. The bonding states of TizGaB, and Hf3GaB; compounds, shown in Fig. 2, are partially filled with
electrons due to the pseudo-gap shifting to the right relative to the Fermi level [19]. Additionally, Fig. 2 shows that the Ti(s), Ga(d), B(s)
orbitals in the Ti3GaBy compound and the Ga (s, p, d), B(s) orbitals in the Hf3GaB, compound do not contribute to bond formation
below the Fermi level, indicating that these electronic states are non-bonding states. Consequently, there is a rapid increase in states at
the Fermi energy level, leading to an elevation of the Fermi energy level to a higher energy level range. At the Fermi level, Ti-d and Hf-d
orbitals are mainly responsible for the electronic contribution in the V.B and C.B. The DOS, N(Ep), at the E for Ti3GaB, and Hf3GaBy, as
depicted in Fig. 2, is 7.52 and 6.13 electronic states per unit cell per eV, respectively. This discrepancy in N(EF) among the M3GaBy
compounds suggests significant variations in electronic transport properties within this group [39]. The partial DOS serves as a
valuable tool for uncovering hybridization among distinct states. The energy range of the valence band can be segmented into two
intervals: —9.1 eV to —4.7 eV and —4.7 eV to —0.0 eV. In the case of TizGaB; and Hf3sGaBy, strong hybridization is observed between
M-d and B-s, resulting in prominent peaks in the low-energy region of the total DOS. Additionally, in the energy range from 0 eV to —6
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eV, M-d dominates, displaying hybridization with Ga-p and B-p for both Ti3GaB; and HfsGaBy compounds.

The Fermi surface (FS), depicted in reciprocal space, delineates between occupied and unoccupied electron states at zero tem-
perature. The behavior of an electron on the FS is dictated by its position, and the arrangement of the FS relative to the Brillouin zone
offers valuable insights into understanding the electrical, magnetic, and thermal properties of metals or metallic compounds. As
illustrated in Fig. 3, the FS of both Ti3GaB, and Hf3GaB; consists of seven sheets. In a previous discussion regarding electronic
configuration, we found that both compounds exhibit nearly identical DOS profiles.

This similarity is attributed to their nearly equal number of Fermi sheets. Several shared characteristics are apparent across all FSs,
including electron-like sheets centered along the G-A direction. These layers exhibit entirely cylindrical and/or prismatic formations
characterized by hexagonal cross-sections. Additionally, hole-like sheets with complex topologies were observed along the H-K di-
rection, positioned at the corners of the Brillouin zone.

3.3. Mechanical Properties

Elastic characteristics garner significant interest due to their ability to assess various fundamental macroscopic attributes of ma-
terials. The MAX phases, characterized by hexagonal crystalline structures, possess five distinct elastic tensors—Cj;, C12, C13, C33, and
Cy4. These coefficients are established through the ‘stress-strain’ methodology, as implemented in the CASTEP software [40]. The
elastic properties of polycrystals are determined by employing Voigt-Reuss-Hill approximations, which are derived from the elastic
constants of single crystals [41-43]. The computed elastic parameters, as well as those from alternative computations [44,45], are
presented in Table 2. For MAX compounds to exhibit dynamic stability, specific conditions must be satisfied [44-46]: C1; must be
greater than 0, C;; — C;2 must be greater than 0, C44 must be greater than 0, and (C1; + C;2) Cs3 — 2C13*C;3 must be greater than 0. The
listed elastic constants (C;) meet the specified criteria for the M3GaB, (M = Ti, Hf) compound, indicating their mechanical stability.
Additionally, they offer insights into the mechanical properties of the M3GaB, (M = Ti, Hf) MAX phases under investigation. In the
Ti3GaBy compound, Cyj is less than Css, whereas, in the Hf3GaB; compound, Cy; is greater than Css, suggesting that Hf3GaB, is more
resistant to compression along the a-axis compared to the c-axis. This observation implies elastic anisotropy in the studied Hf3GaB,
compounds. Referring to Fig. 1, the varying atomic configurations along various crystallographic axes lead to variations in bonding
strengths, as reflected by the unequal values of C;; and C33. In hexagonal systems, C;; measures resistance to deformation along the a
(b)-axis, while Cs3 indicates the same along the c-axis. The higher C;; than C33 in Hf3GaB; borides signifies greater bonding strength,
stiffness, and resistance to deformation along the a(b)-axis compared to the c-axis, contributing to their elastic anisotropy. Conversely,
the smaller C;; compared to C33 in TigGaB; suggests relatively lower bonding strength, stiffness, and resistance than Hf3GaB,. Table 2
shows that the Ti and Hf-containing 312 MAX phase carbides exhibit greater stability than MAX phase borides.

As illustrated in Table 2, the stiffness constants of the 312 carbides surpass those of the 312 borides in our study. For example, the
C;; values for TisGaB; are 54% and 55% lower than those for Ti3GaCy and TisSiCy, respectively, while Hf3GaB2 shows reductions of
33% and 28% compared to Hf3AlC, and Hf3SnCy, respectively. Similar patterns are observed for C3s, C44, and Cy3. Specifically, TisGaBy
exhibits C33 values that are 25% and 38% lower, and C44 values that are 26% and 42% lower, than those for Ti3GaC, and Ti3SiCo,
respectively. For Hf3sGaBy, Css values are 30% and 32% lower, and C44 values are 25% and 17% lower, than those for Hf3AICy and
Hf3SnC,, respectively. However, in the case of Cja, TizGaB, values are 37% and 20% higher than those for TigGaCy and TisSiCy,
respectively. For Hf3GaB,, the C;2 values are 9% higher and 12% lower than those for Hf3sAlCy and Hf3SnCy, respectively.

The elastic moduli—bulk modulus (B), shear modulus (G), and Young’s modulus (Y)—characterize the mechanical responses of
materials in polycrystalline forms. Table 2 also presents the bulk modulus (B) and shear modulus (G), calculated using Hill’s
approximation [43]. These values represent averages between the upper limit (Voigt [41]) and lower limit (Reuss [42]) of B as per
Hill’s method. The detailed calculations are illustrated by Eq. (2) and Eq. (3) as follows [48]:

B = (By + Br)/2 here, By = [2(C11 + C12) + Ca3 + 4C13]/9 and By = C* /M, also } @

C* = (Cn1 + C13)Cs3 — 2C35 and M = Cyy + Crz + 2C33 — 4Cr3

Fig. 3. FS topology of (a) Ti3GaB; and (b) Hf3GaB,.
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Table 2

The stiffness constants, elastic moduli, Pugh’s ratio (G/B), and hardness parameters M3GaB, (M = Ti, Hf).
Parameters TizGaB, Hf;GaB, [32] TisGaCy [47] Ti3SiCo [33] Hf3AIC, [44] Hf3SnC,
C11 (GPa) 166 231 359 365 347 320
Cs3 (GPa) 219 203 292 352 291 300
Ca44 (GPa) 91 95 123 156 127 115
C15 (GPa) 107 84 78 89 77 95
Cy3 (GPa) 68 87 69 99 80 96
B (GPa) 115 131 159 184 162 168
G (GPa) 56 79 130 143 127 112
Y (GPa) 144 197 306 341 302 275
v 0.29 0.25 0.1787 0.19 0.19 0.22
B/G 2.06 1.66 1.2231 1.28 1.28 1.50
G/B 0.48 0.60 0.81 0.78 0.78 0.67
Hmacro (GPa) 6.00 11.1 24.2 24.1 22.5 16.6
Hpicro (GPa) 7.8 13.2 27.6 29.6 26.2 21.1

G = (Gy + Gg)/2 where, Gy = (M + 12C44 + 12Cs)/30 and

5 3
Gr = (E) [C2C44C66]/[3BVC44C66 + CZ(C44 + Cse)}

The computed bulk modulus and shear modulus values for M3GaB; (M = Ti, Hf) MAX phase borides are smaller than those for MAX
phase carbides (Ti3GaCy and Hf3AlCy). Consequently, it can be inferred that MAX phase carbides exhibit higher resistance to volume
and plastic deformations than borides of the same structure. A high value of G indicates hardness, whereas a low value suggests
softness. Accordingly, Hf3GaBy is harder than TizGaB,. Young’s modulus (Y) is another crucial mechanical property that measures a
material’s tensile stiffness which is calculated by, = 9BG/(3B+G) . Ti3GaB; exhibits the lower Y value compared to Hf3GaB,, indi-
cating that Hf3GaBs is stiffer than Ti3GaBy. Notably, 312 MAX phase carbides are generally stiffer than their boride counterparts.

The mechanical properties of boride phases are typically inferior to those of carbide phases. This discrepancy is clearly illustrated
through specific comparisons. For instance, the bulk modulus (B), shear modulus (G), and Young’s modulus (Y) of TisGaBy are sub-
stantially lower than those of their carbide counterparts. Ti3GaB; has B, G, and Y values that are 27%, 56%, and 52% lower,
respectively, than those of TizGaC, carbides. When compared to Ti3SiCy carbides, these values for TigGaBy are 37%, 61%, and 58%
lower. Similarly, Hf3GaB; exhibits the same trend. Its bulk modulus, shear modulus, and Young’s modulus are 19%, 37%, and 34%
lower, respectively, than those of Hf3AlC; carbides. In comparison to Hf3SnC; carbides, the values for Hf3GaB, are 22%, 29%, and 28%
lower.

Pugh’s ratio, the ratio of bulk modulus (B) to shear modulus (G), defined by B/G serves as a predictor for the ductile or brittle nature
of a material [49]. A Pugh’s ratio exceeding 1.75 suggests ductility, while a value below 1.75 indicates brittleness. The Pugh’s ratio
values for TigGaBy and Hf3GaB; are 2.06 and 1.67, respectively. Thus, TizGaBy is classified as ductile, whereas Hf3GaB, is considered
brittle. Poisson’s ratio (v), another crucial elastic parameter in polycrystalline materials defined by, v = (3B — Y) /(6B) offers insights
into their mechanical behaviors, akin to Pugh’s ratio. A v value less than 0.26 characterizes brittle materials, while a higher value
indicates ductile behavior [50]. In the case of Ti3GaBs, Poisson’s ratio predicts ductility, whereas for Hf3GaBsy, it suggests brittleness.
Though MAX phases are usually brittle, some ductile phases were reported previously which are Nb,SC and ScoGaB [22,25]. Poisson’s
ratio also aids in identifying inter-atomic forces in solids [51]. If v falls within the range of 0.25-0.50, it indicates effective central
forces. Outside this range, non-central interatomic forces dominate. Consequently, the M3GaBy (M = Ti, Hf) MAX phases are governed
by non-central interactions. Brittleness often correlates with non-central forces, which exhibit pronounced angular characteristics
[511.

Hardness is a critical parameter for designing various devices in engineering applications. The elastic moduli of polycrystalline
materials provide insights into hardness values, where resistance to indentation correlates with material hardness. We have deter-
mined both micro-hardness (Hp;cro) and macro-hardness (Hpmacro)- Hmicro is influenced by Young’s modulus and Poisson’s ratio, while
Hpacro, also known as Chen’s hardness, is determined by Eq. (4) using shear and bulk moduli [52,53].

6\ 1" (1-20)Y
— 20
Hmacro =2 (E) G:| - 3-, and Hmicm - m (4)

Table 2 shows the computed values of Hp;cro and Hpacro- These values reveal that Hf3GaB, exhibits greater hardness than TizGaB,,
consistent with elastic constants and moduli. In contrast, the 312 borides demonstrate significantly lower hardness compared to the
312 carbides. Specifically, the Hp,qco values for TigGaBy are 75% lower than those for Ti3GaCy and TigSiCy, while Hf3GaB, shows
decreases of 51% and 33% relative to Hf3AlC, and Hf3SnCy, respectively. Similarly, in terms of Hp;cro, the hardness values for TisGaBy
are reduced by 72% and 74% compared to TizGaCy and Ti3SiCy, respectively. For Hf3GaB,, the Hpjcr, values are 50% and 37% lower
than those for Hf3AlC, and Hf3SnCo, respectively.
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3.4. Vickers hardness

Hardness, as a characteristic of a solid material, signifies its resistance to plastic deformation, indentation, penetration, and
scratching. Experimental hardness values vary depending on testing methods temperature, and other variables. In a similar vein, the
formalism used in the computations has an impact on the theoretical values. In a similar vein, the formalism used in the computations
has an impact on the theoretical values. A formula initially proposed by Gao [54] for non-metallic covalent materials was modified by
Gou et al. [55] to allow for partially metallic compounds such as the ternaries being studied. The bond hardness can be calculated using
Eq. (5) as follows:

H, =740(P" — P*)(vj) )

In this context, P* refers to the Mulliken overlap population of the m-type bond, P* denotes the metallic population, which is
determined using the volume of the unit cell V and the number of free electrons in a cell given by ng,, = fgpf N(E)dE, where Efand E,

represent the Fermi and pseudogap energies, respectively. Then, P* = Nfree/V, v, denotes the volume of an p-type bond, it can be
calculated using the bond length d* of type p and the number of bonds N}, of type v per unit volume, represented by the equation v, =

(@3 %: [(d")sNZ‘] . The hardness of a crystal with a complicated multiband structure can be calculated using the geometric mean of all

bond hardnesses, as expressed by Eq. (6) as follows [56,57]:

Hy = [ (11" | K> ®)

Table 3 displays the hardness values of the investigated borides and the hardness of each bond. These results consider only the
plausible and positive populations between nearby atoms.

Vickers hardness values for the Ti3GaB; and Hf3sGaB; compounds are 4.7 Gpa and 4.88 Gpa, respectively. The comparison reveals
that the Hf-based boride is harder than the Ti-based boride. However, both compounds exhibit relatively low hardness values, falling
within the range of 2-8 GPa [58]. This implies their soft nature and favorable machinability. The Vickers hardness (Hv) value of the
previously synthesized carbide, Hf3AlCy, Ti3SnC, and Hf3SnC; [33,44], is also included in Table 3. The hardness values of the named
compounds are found to be perfectly aligned with M3GaBy (M = Ti and Ga). Variations in bonding strength, valence electron con-
centration, and other factors probably cause this discrepancy. The Vickers hardness of 312 borides is consistent with that of their
carbide counterparts. For instance, when comparing the hardness of TizGaB, to Hf3AlC,, TigSnCy, and Hf3SnC,, we observed that it is
4% and 8% lower, respectively, but equal to the hardness of Hf3SnCy. For Hf3GaBy, the hardness is 2% greater than Hf3SnCy, but 2%
and 6% lower than Hf3AlC, and Ti3SnCy, respectively.

3.5. Optical properties

When subjected to electromagnetic radiation, materials display diverse behaviors, manifesting in two primary physical phenom-
ena: energy conversion (absorption, reflection, and inelastic scattering) and propagation. This section aims to discuss the interaction
incident photon with M3GaBy (M = Ti, Hf) compounds, with the intention of exploring their suitability for practical applications. The
optical characteristics for polarization vectors ([100]) of the M3GaB, (M = Ti, Hf) compounds are computed and illustrated in Fig. 5 for
incident photon energies up to 25 eV. Considering the metallic properties exhibited by the investigated MAX phase compounds ac-
cording to the band structure, all computations have been conducted utilizing the Drude term. This term encompasses a plasma
frequency of 3 eV, damping of 0.05 eV, and Gaussian smearing of 0.5 eV [59]. The optical constants play a pivotal role in influencing
the material’s response to incident radiation. One of the primary optical features of solids is the complex dielectric functions, denoted
as £(0) = e1(w) + ie2(w). The imaginary part of the dielectric constant denotes the absorption of light energy, representing the amount of
light absorbed as it traverses the material. A higher imaginary dielectric constant indicates increased absorption of light at particular

Table 3
Calculated data for Mulliken bond number (n*), bond length (d"), bond overlap populations (P*), metallic populations (P* '), Vickers hardness (Hy)
Ms3GaB, (M = Ti, Hf) compounds.

Compounds Bond n* &(A) p+ p Vi H, (GPa)

TizGaBy B1-Til 4 2.188 1.31 0.064 19.52 4.7
B2-Ti2 4 2.268 0.84 0.064 21.74

Hf3GaB, B1-Hf1 4 2.364 1.75 0.057 23.86 4.88
B2-Hf2 4 2.429 1.21 0.057 25.89

[33] Hf3A1C, Hf-C 4 2.271 1.46 0.071 10.61 4.9
Hf-C 4 2.381 1.02 0.071 15.62
Hf-Al 4 3.00 0.78 0.071 47.32

[44] Ti3SnCy Til-C 4 2.095 1.21 0.012 18.28 5.1
Ti2-C 4 2.220 0.87 0.012 21.77

[44] Hf3SnC, Hf1-C 4 2.281 1.57 0.016 22.74 4.7
Hf2-C 4 2.388 1.07 0.016 25.87
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wavelengths.

On the other hand, the real part of the dielectric constant characterizes the polarization of the material. It describes the speed of
light, with a higher value indicating slower light propagation. The imaginary part of the dielectric function, €2(®), can be calculated
using Eq. (7) as follows [60]:

2¢n 2
ex() =2 2 Sl urlyt *o(5; ~ B, - B) @

ky.c

In this case, o denotes the light’s angular frequency, e is the electronic charge, u is the vector defining the incident electric field’s
polarization, and the conduction and valence band wave functions at point K are, respectively, represented by y} and y;. The real part
£1(w) of the dielectric function can be obtained from the imaginary part £5(®) using the Kramers-Kronig relations, as expressed by Eq.
(8) [61]:

2p/'°0 ' ex(w)dw ®

&(w)=1 +; A (a)'2 ~ )

The real component of the complex dielectric function for M3GaB, (M = Ti, Hf) is depicted in Fig. 4(a), while Fig. 4(b) illustrates its
imaginary component. This illustration is essential to understanding how the material responds to incident photons. The negative
value observed in the real part and the positive value in the high imaginary part of the dielectric function correspond consistently with
the band structure analysis. The real part approaches zero at approximately 1.066 eV for both compounds and subsequently becomes
negative. The imaginary part becomes zero at around 18.44 eV. This observation corroborates the metallic properties of the material.

The reflectivity and loss function can be computed from the dielectric function using the following Eq. (9) [62,63,]:

R(w) = Vew) -1 :

o] ke =a [ [{ae) + lew)] ©

Fig. 4 (c) illustrates the reflectivity curve, where the reflectivity begins at 0.75 for Ti3GaB, and 0.76 for Hf3GaB,. Subsequently,
both curves gradually decrease, followed by the emergence of distinct peaks. MAX phases are deemed suitable for coating materials
when their reflectivity exceeds 44 % [59]. The data indicates that the reflectivity for Ti3GaB, consistently stays above 44% in both the
infrared and visible regions. However, for Hf3GaB,, it exceeds this threshold in the infrared (IR) region but decreases in the visible
region. As a result, TisGaBy seems to be a promising option for coating applications. Our investigation demonstrates significant
consistency with the results observed for ZrsPbC,. Specifically, we found that the R(0) value lies between 0.6-0.7 eV. Following this,
there is a continuous decrease in the reflectivity spectrum, mirroring the trend observed in our study.

Fig. 4(d) illustrates the loss function. The loss function, reflection, and absorption characteristics of a substance are interconnected.
The electron energy-loss function is a crucial optical characteristic that describes the energy loss that an electron experiences when it
moves quickly through a medium. The highest peak in the loss spectrum signifies the plasma resonance induced by collective charge
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Fig. 4. (a) Real part of dielectric constant, ¢; (b) Imaginary part of dielectric constant, ¢ (c) Reflectivity, R and (d) Loss function, LF of Ti3GaB, and
Hf3GaB, for [100] electric field directions.
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excitation, and the corresponding frequency is referred to as the material’s plasma frequency (wp). The plasma frequency for TizGaB,
and Hf3GaBj is noted at 18.67 eV and 18.37 eV, respectively. This is consistent with the results for ZrsPbCo, which has a plasma
frequency of 17.72 eV and exhibits a similar curve pattern. The refractive index of a material, expressed as N(w) = n(w) + ik(®), is a
significant characteristic. The real component, n(®), calculated by Eq. (10):

1/2
n(w)z}z[\/{a(w)}z o) +sl<w>} 10

which influences the phase velocity, while the extinction coefficient, k(w), determines the level of absorption loss experienced by an
electromagnetic wave while traversing the material. Fig. 5(a) shows that the refractive index is high at low energy levels and declines
as energy increases. The static refractive index value, n(0), for TigGaBy, is 13.93, and for Hf3GaB,, it is 14.64. Fig. 5(b) illustrates the
extinction coefficient, where the peak for k(o) is observed at approximately 0.8 eV for both TisHfB, and HfsGaBy, with values of 4.82
and 4.99, respectively. In both materials, the refractive index curve initiates a decrease as photon energy increases. The variation of the
n and k spectra with photon energy shows good agreement with those of ZrsPbCy, as calculated by M.R. Rana et al.[64]. The static
value is n(0)~10, which is lower than that of Ti3GaB; and Hf3GaBs.
Fig. 5(c) presents the absorption coefficient of M3GaBy (M = Ti, Hf) calculated by Eq. (11):

1/2
a(w):\/iw{ {e1(@)}* + {e2(@)}? —el(a))} 1)

Owing to the absence of a band gap, the spectra of M3GaB, (M = Ti, Hf) compounds commence at zero photon energy, indicating their
metallic characteristics. The highest peak for TizGaB; in the absorption coefficient occurs at 7.11 eV with a magnitude of 2.51 x 10°
cm L. For Hf3GaB,, the maximum peak is at 8.42 eV with a magnitude of 2.65 x 10° cm ™. Fig. 5(d) illustrates the photoconductivity of
Hf3GaB; described by, o(w) = %2 representing the augmentation in electric conductivity following photon absorption. The photo-
conductivity peaks at the infrared (IR) region for both compounds, occurring at approximately 6.20 eV. In the ultraviolet (UV) region,
there are notable peaks with a gradual decline in conductivity as photon energy increases for both materials.

4. Conclusion

In this study, we provide a comprehensive understanding of the physical, mechanical, and electronic properties of M3GaBy (M = Ti,
Hf) compounds through density functional theory calculations. Our investigation affirms the structural resemblance of these com-
pounds to MAX phases, as evidenced by their negative formation energies, indicating stability. Analysis of the electronic band structure
and density of states (DOS) revealed their metallic nature, with evident hybridization among different electronic states in the partial
DOS. Fermi surface calculations corroborated these findings, further validating their metallic character. Determination of elastic
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constants confirmed mechanical stability, with Ti3GaB, displaying brittleness and Hf3GaB, exhibiting ductility. Additionally, calcu-
lated elastic moduli and Vickers hardness measurements highlighted their soft nature, similar to other MAX phases, suggesting high
malleability. The examination of optical properties affirmed the metallic nature of the M3GaB, compound and highlighted TisGaBy as a
viable candidate for solar heating mitigation coatings, with Hf3GaB, demonstrating comparable potential. This study is the first report
on the 312 MAX phase borides, thus, the findings of this study will provide valuable guidance in predicting more MAX phases boride
compounds [M3AB;] and can help advance the development of materials with desirable characteristics.
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