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Abstract

Intermetallic compounds are ordered solid-state metallic alloys which are widely used in aerospace,
energy and electronic industries, and are crucial for high-temperature structural components in
aircraft engines. The present study investigates MnAs intermetallics via ab-initio structural,
electronic, mechanical, thermoelectric and thermophysical properties using density functional
theory (DFT) with PBEsol exchange—correlation functional. This investigation was centered on the
tetragonal (Tetr), hexagonal (hcp), and cubic (cP) phases of MnAs. The novelty of this investigation
lies in its thermoelectric analysis, which has not yet been reported in scientific literature. Our
computed lattice parameters of a, = 3.70 A and ¢, = 6.17 A (for Tetr phase), a, = 3.65 Aand ¢, =
5.60 A (for hep phase), and ay = 5.69 A (for cP phase) aligns well with experiment and existing
theoretical data, indicating the validity of the study. The negative formation energy and binding
energy analysis showcases the structural stability of the calculations. The electronic density of states
calculations revealed zero band gap energy as an indication that all three phases are metallic
conductors. The obtained elastic constants for the Tetr, hep, and cP phases of MnAs satisfy the Born
mechanical stability criteria, suggesting that all three phases are mechanically stable. Significantly,
the mechanical analysis from Bu/Gy ratio and Poisson’s ratio exhibited ductility, which confirms the
electronic DOS results of the three phases as metals. Also, while they all exhibit anisotropic
character, the highest resistant to deformation is found in Tetr and hcp phases. Furthermore, the
investigated thermoelectric (TE) transport properties recorded maximum power factors of 4.4 x 10!!
W.cm 'K 25! (Tetr phase), 7.2 x 10" W.em . K 257! (hcp phase), and 9.4 x 10! W.em 'K 257!
(cP phase) all at 800 K respectively. Moreover, our finding suggests that the registered high Seebeck
coefficient S and minimum thermal conductivity k, displayed by the cP phase at 300 K makes this
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phase a promising candidate for TE applications. The thermophysical assessment of the Debye
temperature, entropy, free energy, internal energy, heat capacity, and acoustic sound velocities of
Tetr, hep, and cP compounds of MnAs are also discussed.
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1.0 Introduction

Intermetallic compounds (IMCs) are ordered,
metallic compounds with unique structural
characteristics, formed from two or more
metallic elements. IMCs offer a rich and diverse
resource for materials studies related to chemical
composition and other physical properties
(Gourdon et al., 2016). Their electronic states
provide insights into the chemical bonding
factors influencing composition and structure, as
well as the electronic underpinnings of electrical
and magnetic behaviors. They are often hard and
brittle but possess excellent high-temperature
properties, making them valuable for
applications such as wear-resistant coatings,
cutting tools, and structural materials in high-
performance environments (Yu & Liu, 2025). In
recent years, the study of the physical and
transport properties of IMCs has emerged as a
central area of focus in materials engineering
(Yu et al., 2025; Li et al., 2024; Tolochyn et al.,
2021). This surge in interest is largely attributed to the
pivotal role these materials play in influencing the
efficiency, reliability, and performance of electronic
device interconnections (Yu & Liu, 2025). Among
the various IMCs, the manganese arsenide (MnAs)
system has attracted substantial attention, particularly
for its relevance to applications such as magnetic
storage memory, magnetic refrigerants, and
galvanomagnetic properties (Habiba et al.,
2020; Saypulaeva et al, 2019). Within the
material’s polymorphs, experiments have
reported the structural and electronic properties
of the hexagonal, cubic, monoclinic, tetragonal,

and orthorhombic phases of MnAs (Marenkin et
al., 2018; Gama & Cardoso, 2006; Hagedorn &
Jeitschko, 1995). MnAs being an original
magnetic material is suitable for spin-electronic
and magneto-optic applications (Moradiannejad
et al., 2013). The properties of the NiAs and
MnP type were experimentally
investigated while that of the =zinc-blend
structure are theoretically predicted (Hayashi et
al., 2001; Ohno, 1999). They are ferromagnetic
in the NiAs-type crystal structure at 318 K
(Arejdal et al., 2017; Tocado et al., 2009), and
has been reported for half-metallicity (Paiva et
al., 2004; Sanvito & Hill, 2000) in the zinc-
blende structure (Moradiannejad et al., 2013). At
pressures beyond 0.4 GPa, experimental
observations showed a structural transition to the
MnP-type structure and a further magnetic
transition to a mixed ferromagnetic and anti-
ferromagnetic phase (Sanvito & Hill, 2000;
Maki et al., 1998). Due to its ferromagnetic low-
temperature  properties, the  NiAs-type
hexagonal phase has attracted greater attention
from experimental and theoretical investigations
(Habiba et al., 2020; Algarni et al., 2020;
Saypulaeva ef al., 2019; Marenkin et al., 2018).
Consequently, the behavioral characteristics of the
hexagonal phase, such as electronic and structural
properties, optical spectra, magnetization, thermal,
and dynamical properties, are well documented in the
literature.

structures

Nevertheless, apart from the meager reported
electronic and structural properties from
experiments on the other phases of MnAs, their
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elastic, mechanical, thermodynamic, and
dynamical properties remain scarce in the
literature. To the best of our knowledge, the
thermophysical properties of the tetragonal and
cubic phases of MnAs intermetallic alloys are
in the literature. Furthermore, no
scientific investigation of the thermoelectric
(TE) transport properties of any phase of MnAs
has yet been reported in the literature. The
current investigation aims to close research
gaps, particularly for the tetragonal (Tetr) and
cubic (cP) phases of MnAs regarding TE

transport properties. This work assesses the

scarce

tetragonal, hexagonal, and cubic phases of
MnAs by comparing their structural, electronic,
thermoelectric, mechanical, and thermophysical
properties. The method of ab initio density
functional theory (DFT) has been praised for
yielding results in good agreement with
experiment (Hayat et al., 2025; Jolayemi et al.,
2020; Ekong et al., 2015). Hence, this
investigation employs the DFT formalism. Our
results demonstrate not only the structural and
energetic stability of the three MnAs phases, in
agreement with experiment, but also provide
significant insights into their binding energies
and TE transport characteristics. Knowing that
there were no usable experimental data on TE
properties, the current predictions are now the
available theoretical results and are open to
experimental validation. Moreover, in the
current contribution, it is found that among the
three phases, the cubic (cP) phase yields the
highest power factor (PF), which is attributed to
its lowest thermal conductivity (see Fig. 6(c)).
This contribution establishes a benchmark for
the computational modeling of other MnAs
intermetallics for future experimental and
device-level studies.

2.0 Theory and Computational Methods

The electronic, mechanical, thermophysical, and
thermoelectric properties for tetragonal (Tetr),
hexagonal (hcp) and cubic (cP) phases of MnAs
intermetallic crystal are performed in the frame-
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work of density functional theory (DFT), a
quantum mechanical modelling technique,
within the quantum ESPRESSO (QE)
simulation package (Giannozzi ef al., 2017). For
improved equilibrium parameters, the PBEsol
(Espinosa-Garcia et al., 2011), being a revised
Perdew-Burke-Ernzerhof generalized gradient
approximation (GGA) used for many densely
packed solids and their surface calculations, is
adopted for this investigation. The mesh cutoff
energy for separating valence and core states is
chosen as 90 Ry (Tetr), 110 Ry (hcp), and 65 Ry
(cP). Also, Monkhorst-Pack k-point meshes of
12x 12 x 7 (Tetr), 13 x 13 x 8 (hcp), and 8 x 8 x
8 (cP) were adopted for the investigations.
Performing a self-consistent-field (scf) test by
varying the experimental lattice parameters for
Tetr phase: ap = 3.77 A and co = 6.28 A
(Marenkin et al., 2018), for hcp phase: ag = 3.70
A and co = 5.70 A (Sanvito & Hill, 2000), and
for cP phase: ap=5.74 A (Qian et al., 2004). The
structural optimization test for the conventional
Wyckoff positions was done by varying the
lattice parameters between —0.5 < ap < 0.5 at a
step of 0.1, and interpolating with the energy, the
material’s optimal lattice parameters were
determined. Additionally, calculations of the
density of state (DOS) and projected DOS used twice
the k-points grid for optimal representations. For
geometry optimizations, the total energy convergence
threshold was set to 1 x 107 Ry/atom with a gaussian
broadening width of 0.002 Ry respectively. All
structures have been relaxed based on Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm
(Osorio-Guillén ef al., 2012) for stress minimization.
The force on atoms is less than 1.0 mRy/A. The unit
cells of the MnAs intermetallic alloys consisted of
six atoms (Tetr), four atoms (hcp), and eight
atoms (cP), with corresponding space groups in
order of P4/nmm (Tetr), P6s/mmc (hcp), and
F43m (cP). The elastic constants (C;) of the
alloys are studied using thermo-pw code (Malica
& Corso, 2020). The applied stress o to strain (&)
is expressed as:

— 6
0ij = Xki=1Cijui€a (1)

REJ£:ST



50 Researchers Journal of Science and Technology 6(1): 47 - 69

where C is the modulus of elasticity or elastic
constant. The dependence of strain and total

energy using Voigt-Reuss-Hill (VRH) approximation

scheme (Hill, 1952; Reuss, 1929; Voigt, 1928; 1910)

Tetr: C11 + C33 - 2C13 > 0; 2(C11 + CIZ) + C33 + 4‘C13 > 0;

hep: Ciq —|Cy2| >0

¢P: Ciy +2Cy3>0,Cpq —Cyy>0,Ch >0

Additionally, thermodynamic parameters are
processed based on quasi-harmonic approximations
(QHA) (Aniefiok et al., 2025; Baroni et al., 2010).
Transport properties such as the Seebeck coefficient,
electrical conductivity, and power factor are
determine using BoltzTrap program patch
(Madsen & Singh, 2006) as an interface with
QE. Based on this Boltzmann semi-classical
theory, performed on
temperatures ranging from 300 to 800 K with
chemical potentials of (-0.15 to +0.15 Ry)
respectively. According to the semi-classical
Boltzmann transport equation (BTE), the

calculations were

Seebeck coefficient, electrical conductivity, and
thermal conductivity tensors are expressed as
(Khan et al., 2017):

s=etr Sk(-%) i () o

df;
o =e? Zk(— d—:) VETK 4)
_ df kg — X
k, = ekzo 12k(—5) vﬁrk( T ) —ToS? (5)

where fg is the Fermi function, Vj is for the
group velocity, kp denotes the Boltzmann
constant, T, represents the relaxation time, k is
the wave vector and X denotes the chemical
potential. Adopting Eqgs. (3) — (5), the TE or
transport coefficients of the compounds are thus
calculated.

3.0 Results and Discussion

3.1 Structural and Energetical Stability

The optimized crystal structures for the
tetragonal (Tetr), hexagonal (hcp), and cubic
(cP) phases of MnAs intermetallic alloys are
shown in Fig. 1(a), (c), (e), respectively. In Fig.
1(a), each As-atom is located on the z-directional

(C11 + C13) C33— 2Cf3 > 0; C49 >0

was adopted to accomplish the task of materials
deformation tensors. The mechanical stability
criteria to be satisfied according to (Mouhat &
Couder, 2014; Born et al., 1955) are given as:

(11— C12>0, (2a)

(2b)

(2¢)

site and is bonded hexagonally to Mn-atoms. In
Fig. 1(c), the As-atoms are bonded internally and
hexagonally to Mn-atoms. In Fig. 1(e), firstly,
the As-atoms form double hexagonal cyclic
chains with Mn-atoms, and secondly, each As-
atom is bonded tetragonally to Mn atoms of the
cP phase. Also, illustrated in Fig. 1((b), (d), (1))
are the total energy as a function of unit cell
volume (E-V) plots obtained by fitting the E-V
data into Eq. (6) for the Tetr, hcp, and cP phases.
The minimum total energy (Eo) accounts for the
bound states of a material, and is estimated using
the Murnaghan equation of state (EoS)
expressed as (Murnaghan, 1944; Ekong et al.,
2014):

s =5+ {(()7 - 1)+ 5 (1-()] ©

Here, Vo is the equilibrium volume, By is the

bulk modulus, and Bp is the first pressure
derivative of BO. The pattern exhibited by the E—
V curves in Fig. 1((b), (d), (f)) for the EO shows
that the cP phase in Fig. 1(f) is the most stable
compared to the others by exhibiting the lowest
bound state energy, which follows the order of
cP (-916.52 Ry) < Tetr (-880.61 Ry) < hcp (-
458.51 Ry) as revealed in Table 1. Also,
presented in Table 1 are other calculated
structural properties of the Tetr, hcp, and cP
phases of MnAs, including the lattice parameters
(ag, ¢o), formation energy (Efqrm, ), and binding
energy (Eg). Focusing on structural analysis and
comparison with available experimental data,
the calculated lattice parameters revealed a
systematic  variation due to  structural
differences. The ay-parameter decreases from
3.70 A (Tetr) to 3.65 A (hcp) and then increases
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to 5.69 A (cP). The cy-parameter showed a
similar trend from 6.17 A (Tetr) to 5.60 A (hcp).
These changes reflect the increasing unit cell
size of each phase owing to the number of atoms
per unit cell, as mentioned in section 2.
Compared to experimental values in Table 1, the
relative deviations for lattice parameters are as
follows: Tetr: ap = 1.86%, cy = 1.75%, hcp: a,
= 1.35%, ¢y = 1.75%, cP: ag = 0.87%. These
discrepancies are within expected limits and are
typical of GGA-based calculations, which
slightly underestimate lattice dimensions
(Chenafi et al., 2025; Jolayemi et al., 2019). This
minor the three MnAs
compounds indicates structural robustness and
symmetry preservation, regardless of the MnAs
intermetallic phase. In summary, the structural
properties of each phase exhibit consistent
trends with unit cell size, in the order cP > Tetr >
hcp, and show good agreement with
experimental data, confirming the accuracy of
the calculated results. Furthermore, in Table 1,

variation across

the calculated first pressure derivative indicated
approximate compressibilities of 6.0 for both the
Tetr and hcp phases and 15 for the cP phase,
indicating significant resistance to compression
of the cP phase under external force.

Meanwhile, the energetical stability analysis can
be revealed from the minimum energy (Eo),
formation energy (Ef,rm ), and binding energy
(Eg) calculations. Moreso, while the Efgpm
indicates the energy gain in assembling the
alloys, the Ej illustrates the energy required to
disassemble the system into its individual
components, and they are represented in Eq. (7)
and Eq. (8) as (Balaji et al., 2025):

1
Eform. = N [EMnAs — Nyn * Eyn — Ny * EAS] (7
1
Ep = N [Hpnas = Tmn * Hyn — Tiag * Hag) (3

In this context, Ej;, 45 signifies the overall total
energy of the systems, while ny, , n4s , Eyy and
E,s denotes the numbers and energies of
individual atoms, and N is the total number of all
the atoms. The variable ‘i’ symbolizes the free
energy of the compounds in similar order. Using
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Egs. (7) and (8), the computed values of Efqpp,
and Ep are given in Table 1. The overall Ep
values vary from —0.27 eV to —0.30 eV, while
that of Ef 4y, ranges from —0.19 eV to —0.24 eV.
The alignment of our computed binding and
formation energies for stability has no previous
study to compare with. However, higher
negative values indicate greater stability. In this
analysis, the negative values obtained for both
Eform. and Ep are indications that the materials
can be reproduced experimentally. Also, unlike
the two other MnAs phases, the cubic cP phase
has a more stable Efypp (—0.24 €V) and Ep
(—0.30 eV), making it the most energetically
stable phase. These findings validate the
computational model and provide a solid basis
for further analysis of mechanical and electronic
evaluations.

3.2 Electronic Properties

The density of states (DOS), the number of
available states within a system in the energy
interval (E + dE), reflects the energy-level
structure of a material and aids in the analysis of
elemental interactions. Presented in Fig. 2 are
the Total-DOS and projected-DOS (PDOS) of
the three phases of MnAs under consideration.
In the profile of the Total-DOS and PDOS, the
left panel indicates the valence bands, while the
right panel represents the conduction bands,
both separated by a vertical red dotted line —
Fermi level. In Fig. 2, the profile clearly shows
that the valence bands (VBs) have a higher
density of states than the conduction bands
(CBs). An extensive examination of the Total-
DOS for Tetr: Fig. 2(al), hep: Fig. 2(b1), and cP:
Fig. 2(c1) and the PDOS (Tetr: Fig. 2(a2), hep:
Fig. 2(b2), and cP: Fig. 2(c2)) curves in this
investigation reveals discernible characteristics
in their VBs, likewise the CBs of the alloy
compounds. The Total-DOS curves revealed two
distinct lacunas within the VBs in regions of -5.5
to-5eVand -3 to -2.5 eV (in Fig. 2(al)), -4 to -
3.5eV and -2 to -1.5 eV (in Fig. 2(b1)), and in
Fig. 2(c1) with -3 to -2.8 eV and -1.6 to -0.5 eV.
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Fig. 1: Crystal structure and energy—volume (E—V) dependent plots of tetragonal (top panel), hexagonal
(middle panel) and cubic (bottom panel) phases of MnAs intermetallic alloys

Similarly, the CBs regions, although with shorter  different phases exhibit metallic behavior, as no
energy range, display the same trends, which are  energy band gap is present. Also, materials that
distinctly apparent at about 0.9 to 1.3 eV, 0.8 to  exhibit good electrical conductivity display a
1.0 eV, and 0.7 to 1.1 eV. Moreover, in Fig. 2, it  sharp, high slope in the Total-DOS near the
can be seen that within the Fermi level, the Fermi level, and consequently serve as a hint for
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the search for promising thermoelectric (TE)
materials (Chen et al., 2021). In light of this, the
compound that suits the above description most
is the cP phase of Fig. 2(cl, c2). Meanwhile,
considering the valence states of Mn (4s23d°)
and As (4s%4p%), it is apparent in the PDOS
profiles that the dominant contributions to

electronic transfer from the VBs to CBs come
from the 4d- and 2p-orbitals. However, the
meager contributions of the s-orbitals are
particularly conspicuous in the VBs segment.
Interestingly, the zero-energy gaps elucidated by
each phase offer a more refined insight into the
electronic nature of the compounds.

Table 1: Optimized lattice parameters (a, and ¢y, in A), equilibrium volume V, (in A%), bulk modulus By (in
GPa), first pressure derivative of bulk modulus B,, minimum total energy Eo (in Ry), formation energy Eform.
(in eV/atom) and binding energy Eg (in eV/atom) of tetragonal, hexagonal and cubic phases of MnAs crystal

structures
References a Co ‘o Vo By Bp E, Eform. Eg
Qo
Tetragonal Phase
This work 370  6.17 1.67 74.16 257.70  5.86 -880.61 -0.21 -0.29
@Expt 377 628 1.67 - - - - - -
Hexagonal Phase
This work 3.65 560 153 54.52 196.90  6.05 -458.51 -0.19 -0.27
®Theory 370 570 1.53 - - - - - -
@Expt 373 570 1.53 - - - - - -
©Expt 372 570 1.53 - - - - - -
@Expt. 370 570  1.54 53.03 - - - - -
Cubic Phase
This work 5.69 - - 173.08 423.20 15.00 -916.52 -0.24 -0.30
©Expt. 5.74 - - - - - - - -

@Expt. — (Marenkin et al., 2018); ®Theory — (Algarni et al., 2020); ©Expt. — (Moradiannejad et al., 2013)
@Expt. — (Sanvito & Hill, 2000); ©Expt. — (Qian et al., 2004)

The detailed PDOS analysis not only highlights
the overall distribution of states but also pinpoints
specific orbital contributions responsible for the
observed electronic characteristics. Significantly, an
examination of the three MnAs phases revealed that,
unlike the cP phase, the Tetr and hcp phases exhibit
a decrease in the difference between the lowest
and highest VBs. This again could have
important consequences for their electronic
transport properties. Lastly, observations from
Fig. 2 revealed an increased range of energy
within the VBs region and a narrower range
within the CBs region. Therefore, it is logical to
infer that the VB profile for the cP phase displays
a clear singularity slightly below the Fermi level,
leading to a higher DOS and suggesting an
enhanced charge-carrier concentration, which
makes it a superior candidate for electronic

@ REJOST 2026

transport  applications
counterparts.

compared to its

3.3 Elastic and Mechanical Analysis

In addition to structural stability, the mechanical
properties of the tetragonal (Tetr), hexagonal
(hep), and cubic (cP) phases of the compounds
were examined to assess their potential for
applications where both resilience and flexibility
are essential. Studying the mechanical behavior
of materials has industrial applications, as it
provides material information about how
materials respond to external strain. Such
characteristic properties are often obtained from
calculations of elastic constants (Cj) to support
applications in which materials experience stress
and strain during loading and unloading. Elastic
properties can significantly influence the design,
performance, and safety of materials. Properties
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such as Young’s modulus, shear modulus, bulk
modulus, Poisson’s ratio, and Pugh’s ratio
(Bu/Gn) provide insights into a material’s ability
to withstand deformation under external forces.
To ensure structural integrity and materials
stability, understanding these
crucial. Our computed elastic

properties is

constants, Cj,

12
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Fig. 2: Energy dependence plots of total density of state (Total DOS) and projected density of states (PDOS)
of the Tetr phase: Fig. 2(al and a2), hcp phase: Fig. 2(bl and b2), and cP phase Fig. 2(cl and c2) of MnAs

using the stress-strain method of the VRH
(Hill,1952) schemes for the MnAs phases are
given in Table 2. Obviously, the obtained elastic
constants align with the requirement of the Born

stability criteria (Born et al., 1955) mentioned
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Table 2: Elastic constants (Cij) in GPa

Materials  Cy; Cyi, Ci3 C33 (" Coe Ref.
Tetr  264.97 116.93 152.49 363.49 57.35 58.61  This work
Hep 170.76 108.10 23.01 136.24 140.96 31.33  This work
cP 74.10 48.09 - - 7.35 - This work

Observations from Table 2 revealed that the
resistive strength of each phase is highest in the
axis of Cs3 plane in the {111} direction (for Tetr
phase), Ci1 plane in the {100} direction (for hcp
phase), and C11 plane in the {100} direction (for
cP phase). For the hep phase, the Cgq = (C11 —
Ci2)/2. Consequently, the Ces represents the
tolerance to shear in the {100} plane in the [110]
direction, while the Ca4 represents the tolerance
to shear in the {010} or {100} plane in the [001]
direction. Moreover, the values of Ci1 and Cs3
are larger than those of Cas and Ces, suggesting

that these compounds are more incompressible
under uniaxial stress along the x- and z-axes.
Based on the VRH scheme, the calculated bulk
modulus (Bv, Br, Bn), shear modulus (Gv, Ggr,
Gn), Young’s modulus (Ev, Er, En), and other
mechanical parameters are summarized in Table
3. The calculated bulk (Bv, Br) and shear (Gv,
Gr) moduli based on the Voigt (V) and Reuss (R)
approximation scheme for the different phases
are as follows. For Tetragonal (Tetr) phase
(Omboga et al., 2020):

_ (Cn + CIZ)C33 B 2C123

B, =(2C,, +2C,, +4C,, +C,,)/9 and = 9
p =26, +2C, +4C, +Cy) »=C veoac e, @
Also, G, =(4C,, +2C,, —4C,, - 2C,, +12C,, +6C,,)/30 (10)
188 i
GR:{ 8B, - 6 +6+3} (11)
(Cll + C12 )C33 - 2Cl3 C11 - C12 C44 C66
For Hexagonal (hcp) phase (Zeng et al., 2018):
(C, +C,)C,, —2C
By = 2(Cy1 + C15 + 2C13 + 0.5C33)/9 and = 1 12/ 733 13 12
14 (€11 12 13 33)/ R C, +C,—4C, +2C, (12)
Again, GV = (7611 - 5612 + 2633 - 4613 + 12644)/30 (13)
_>5 {(C11+C12)C33—2C33}C44Co6
Gr = 2 [3 By Cy4 Cee + {(C11+C12)C33—2C533(Cag + Cee)] (14
For the cubic (cP) phase (Gregory et al., 2024):
1 2 1
B,=-C,+-C,,; By=—r— 15
vty R 38, + 65, (15)
and
1 3 5 4 3
Gy :_(CII_C12)+_C44; - = + (16)
5 5 GR C11 _CIZ C44

where C;; and §;; are the respective elastic
constants and elastic compliances. Therefore,
the Voigt-Reuss-Hill (VRH) scheme averages
the bulk and shear moduli as (Ekong et al., 2025;
Zeng et al., 2018):

@ REJOST 2026

By = (By + Br)/2 and Gy = (Gy + Gg)/2 (17)

The adoption of Eq. (9) yields Young’s modulus
(Ey) and Piosson’s ratio (Vy) given as follows:

(18)

3By — 26y
2(3By + Gy)
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_Gy By
GR GR

A" -6 (19)
The results of Table 3 reveal a higher Young’s
modulus Ej in Tetr and hep phases compared to
the cP phase. This showcases the high
mechanical stiffness to elastic deformation
under lengthwise force in Tetr and hcp phases.
Also, the ductility or brittleness of Tetr, hcp, and
cP phases of MnAs is evaluated according to
Pugh’s ratio (By/Gy) (Pugh, 1954) and
Poisson's ratio (Vu) (Greaves et al., 2011).
Accordingly, the standard criteria for a
material’s Poisson's ratio reflects brittleness if
Vi < 0.31 or ductility if Vi < 0.5, while that of
Pugh’s ratio (By/Gy) signature brittleness <
1.75 < ductility. In Table 3, the calculated Vu
values show that all three phases lie within the
range of 0.31 —0.42, and it is concluded that they
all exhibit ductility, the
electronic DOS results in Fig. 2.

which confirms

In addition, the obtained values of By/Gy
further confirm the ductile nature of the MnAs
phases. We clearly notice that the same
conclusion for By /Gy has been reached for Ey
such that, as the value of By /Gy decreases the
stiffness Ey of the compounds increases and vice
versa. The calculations of the anisotropy/isotropy
parameters like the Universal anisotropy index (AY)
in Eq. (19), anisotropy indices of shear (A®) and bulk
(AP), scalar log-Euclidean anisotropy index (A"), and
Zener anisotropy factor (A%) moduli are detailed
elsewhere (Luan et al., 2018; Zeng et al., 2018).
In isotropic materials, the values of AY, AB AS,
and A" must be zero, whereas a value of 1 (one)
is required in the case of AZ. Any deviation from
these values reflects the degree of elastic
anisotropy. The calculated results of AY, AB, AS,
AL, and AZ, as presented in Table 3, showed a
distinction from zero and 1 (one), signaling

elastic anisotropy for all three phases.

Observation reveals that the shear anisotropy of
the MnAs phases is more significant than the
compressibility anisotropy.

Anisotropy information in materials is essential
for showcasing mechanical performance in real-
world applications (Gaillac et al., 2016;
Ranganathan et al., 2008). In Fig. 3 and Fig. 4,
the 3D directional and xy—surface dependency
of Young’s modulus and Poisson’s ratio plots
produced with the ELATE software for the
MnAs compounds are presented. For isotropic
systems, the structure should display a spherical
(3D) or circular (2D) shape in nature. However,
any deviation from this shape means anisotropy.
Hence, Fig. 3 and Fig. 4 confirm the anisotropic
nature displayed by the calculated mechanical
parameters in Table 3. Meanwhile,
comparing the 3D and 2D surface plots in Fig. 3
with Table 3, the cP phase exhibits a lower
overall stiffness due to its larger multi-
membered edge outshoot that introduces high

when

structural flexibility. Similarly, comparing the
Tetr phase (having a modulus stiffness of 175.2
GPa) with the hcp phase (of modulus 189.6
GPa), the hcp presents a comparable but slightly
wider range of mechanical responses, indicating
that its impervious nature enhances
flexibility while maintaining sufficient rigidity
for structural stability. The Poisson’s ratio
distribution shown in Fig. 4 quantifies the

low

material’s lateral response to applied strain. The
plot exhibits a fourfold symmetry, exhibiting the
expected directional-dependent deformation
behavior and highlighting its significant
mechanical anisotropy. The
Poisson’s ratio across different orientations
suggests that all three phases underwent non-
uniform lateral deformation regardless of the

variation in

crystal topology and anisotropic bonding
environment.
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Table 3: Calculated average values based on the VRH approximation for Bulk modulus (Bxu), Shear modulus
(Gn), and Young’s modulus (£u) in GPa, Poisson’s ratio (Vu), Pugh’s ratio (Buw/Gu), Universal anisotropy
index (AY), anisotropy indices of shear (A°) and bulk (A®), scalar log-Euclidean anisotropy index (AL) and
Zener anisotropy factor (A%) moduli

MnAs Phases Tetr hcp cP
Bv 193.02 171.78 56.76
Br 185.02 175.44 56.76
Bu 189.02 173.61 56.76
Gv 66.10 58.90 9.61
Gr 64.11 85.50 25.37
Gu 65.10 72.20 9.25
Ev 177.98 158.56 27.30
Er 172.42 220.65 88.97
Eu 175.20 189.60 26.33
Vv 0.35 0.35 0.42
Vr 0.34 0.29 0.42
VH 0.35 0.31 0.42

Bu/Gu 2.90 2.40 6.13
AY 0.20 -1.58 -3.11
A 0.02 -0.18 -0.45
AB 0.02 -0.01 0.01
AL 0.05 0.72 2.17
A% 0.77 4.50 0.57
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Fig. 3: Young modulus representations in 3D directional (Fig. 3(a, c, e)) and xy-surface (Fig. 3(b, d, 1))

dependence of Tetr, hcp, and cP phases of MnAs
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Fig. 4: Poisson ratio representations in 3D directional (Fig. 4(a, c, ¢)) and xy-surface (Fig. 4(b, d, f))
dependence of Tetr, hcp, and cP phases of MnAs

3.4 Thermoelectric Transport Properties thermoelectric materials can help contextualize
In Fig. 5, the thermoelectric transport properties their potential. The dependence of the Seebeck
for the three phases of MnAs are well presented.  coefficient (top panels), electrical conductivity
Comparing these properties to other known (middle panels), and power factor (bottom
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panels) on chemical potential
temperatures is discussed.

at varying

The Seebeck effect generates voltages from
temperature differences. The response of the
Seebeck coefficient S to the applied temperature
gradient is given by S = V/AT, where V is the
voltage, and AT is the temperature difference.
When two different conductors are kept at
different temperatures, the electrons on the hot
end have higher thermal energy than the
electrons on the cold end. Consequently,
electrons will flow towards the colder end. This
net accumulation of electrons at the colder end
a potential the
conductor, with the cold end negative. Moreso,
high Seebeck coefficient (S) materials yield high
power factor (PF) and figure of merit (Z7),
signifying greater capability to convert waste
heat into useful electrical energy (Aliabad et al.,

creates difference across

2012). A negative S value denotes n-carriers,
while a positive S value denotes p-carriers.
Chemical potential (e —¢,) determines the
concentration of charge carriers in materials. In
Fig. 5(a, d, g), the S profiles of the Tetr, hcp, and
cP phases as a function of chemical potential are
shown for different temperatures. Also, the
wavelike display of S shows high and low peaks
at different temperatures. The figures display the
highest S value for the three phases in the p-type
region as 32.6 pV/K at 800 K (Tetr), 48.3 pV/K
at 800 K (hep), and 1500.0 pV/K at 300 K (cP),
respectively. Similarly, in the region of n-type,
the maximum S value for the same order are -
44.6 pV/K, -43.8 pV/K, and -1570.3 pV/K
respectively. From the figures, it is clear that the
Tetr and hcp phases are high-temperature
materials, and that the former is an n-type carrier
while the latter is a p-type carrier. Further, the
room-temperature (300 K) cP phase is an n-type
alloy. One deduction from these results is that,
apart from the high mechanical strength and
deformability, the cubic cP phase exhibits, at 300
K, the highest and lowest Seebeck coefficients,
suggesting that this phase is a good candidate for
thermoelectricity. This behavior of the cP phase

confirms the predictions of a sharp, high-slope
feature in the Total-DOS around the Fermi level
in Fig. 2(c).

Electrical conductivity is the movement of
electrical charge in a substance. Materials with
high electrical conductivity are necessary to
minimize heating of the conductor from current
flow (Joule heating). Charge carriers in metallic
compounds are electrons,
semiconductors, holes and electrons are in
charge (Qasimullah et al., 2024). Fig. 5(b, e, h)
illustrates the relationship between electrical
conductivity per relaxation time (o/t) and

whereas in

chemical potential at different temperatures for
the intermetallic MnAs alloys. The three phases
of MnAs displayed alignment in their electrical
conductivity for all temperatures. The figures
show that o/t decreases with increasing
temperature. The maximum calculated value of
o/t for Tetr, hep, and cP phases are 37.7 x 10"
1/Q.cm.s, 56.2 x 10" 1/Q.cm.s, and 58.3 x 10"
1/Q.cm.s, respectively. Meanwhile, o/t shows
both negative and positive gradients across the
energy range in the Tetr and hcp phases. In
contrast, a positive gradient is sustained in the cP
phase in almost all energy scenarios.

In Fig. 5(c, f, 1), the variation of the power factor
(PF) with chemical potential energy at different
temperatures is shown. The power factor is
related to the Seebeck coefficient and electrical
conductivity by PF = S’c6/t in units of
W.cm 'K 2s!. The characteristic behavior of
PF for the three alloys is shown in the bottom
panel of Fig. 5. The maximum PF is recorded at
800 K, which is 4.4 x 10" W.em 'K 257! and
7.2 x 10" W.em L. K 257! for the Tetr and hcp
phases, while the cP phase is 9.4 x 10!
W.cm . K 257!, respectively. The nature of the
PF for cP > hcp > Tetr is attributed to variation
in the chemical potential energy. The values for
the Tetr phase lie between 0.1 — 0.12 Ry, the hcp
phase lies between 0.11 — 0.13 Ry, while that of
the cP phase is between 0 — 0.02 Ry.
Furthermore, the minimum PF occurred at 300
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K as 0.1 x 10" W.em 1. K 257! (for Tetr phase), been observed in other cubic materials
0.23 x 10" W.em L. K 257! (for hep phase), and  (Adeyemo et al., 2025; Ramanathan et al.,
1.0 x 10" W.em . K2s7! (for cP phase). The 2017).

trend observed in the cubic MnAs phase has also
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Fig. 5: Seebeck coefficient, Electrical conductivity and Power factor as a function of chemical potential (€ —
€g) for the Tetr, hep, and cP phases of MnAs

Fig. 6 present plots of thermal conductivity k,  6(b) depicts the hcp-phase, and Fig. 6(c) depicts
versus (e —¢gp)) temperature. From the the cP-phase. It is well known that a better TE
illustration, Fig. 6(a) depicts the Tetr-phase, Fig.  device will exhibit a minimum k, value, thereby
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improving efficiency. In this assessment, we
compute using Eq. (5) the k., dependence at
different for (e —
€y) values ranging from —0.15 Ry to +0.15 Ry,

temperatures specific

respectively. The lowest value of k, across all
three phases is observed at 300 K, with the least
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being the cubic cP phase in Fig. 6(c). This
behavior at 300 K justifies the high Seebeck
coefficient observed in Fig. 5(g) at the same
temperature, thus demonstrating the cubic cP
phase as promising for TE applications.
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Fig. 6: Thermal conductivity versus chemical potential (¢ — g,) for Tetr, hcp, and cP phases of MnAs

3.5 Thermophysical Properties
Thermophysical  calculations
performed using the quasi-harmonic Debye
model, which has been successfully applied to
estimate the thermodynamic properties of
various materials (Meziany et al., 2025; Akpan
et al, 2025, Ekwere et al, 2024).
Thermodynamic properties elucidate essential
industrial applications and can extend our
knowledge of materials’ behavior under
different The
procedure requires only energy-volume data to
calculate the Debye temperature, Op, which can
be interpreted as the temperature at which the
highest-frequency mode is excited. This is of
great significance to predicting the heat capacity,
as well as the internal and free energies at any
temperature in an atomic solid. The standard

have Dbeen

environmental  conditions.

Debye temperature formula to evaluate is given
by (Zheng et al., 2015):

00 = 5 [ G o @0)

where h is the Planck’s constant, ks is the
Boltzmann’s constant, n is the number of atoms
per formula unit, Na, M, and p denotes
Avogadro’s number, molar mass, and density.
The average acoustic sound velocity v, is
described as:

S Y (I -1/3
m = 3\v} v}
: G 3By+4G
with v, = [-2 andv, = |[—L—X
p 3p

where v, and v; are achieved from Navier’s
equation as the transverse and longitudinal

21

(22)

elastic wave velocities. The calculated quasi-
harmonic Debye temperature at T =0 K and P =
0 GPais 393.101 K (Tetr phase), 91.807 K (hcp
phase), and 161.072 K (cP phase), which in
similar order are in good agreement with the
mechanically obtained Debye temperature 0p =
406.571 K, Op = 94.887 K, and Op = 164.488 K
evaluated from Eq. (20) [see Table 4]. Such low
Op values can be attributed to the high molecular
weight and low density of the MnAs alloys,
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suggesting that the compounds are likely brittle
crystals at room temperature. The calculated
densities (p) of the compounds range from 7.242
to 4.682 g/cm® in the order of Tetr > hcp > cP,
respectively. From Table 4, the melting
temperatures (Tm) of the different phases follow
the same ordered trend as the density, indicating
that the cP phase will undergo a faster

transformation from the solid to the gas state
than the Tetr and hcp phases. Further, the nature
of the Op is also hallmarked by the crystal’s
hardness as showcased in Table 3 above.
Meanwhile, the computed densities (p) reported
herein decreased from the Tetr-phase to the cP-
phase. This effect can be attributed to the
increasing power factor (PF) shown in Fig. 5.

Table 4: The calculated acoustic compressional (Vc), bulk (Vg), shear (Vs), and average (Vm) sound
velocities (in m/s), Debye temperature 0p (K), melting temperature T, (K), density p (in g.cm™) and the
Dulong-Petit limit (Cal./mol.K) of the Tetr, hcp and cP phases of MnAs intermetallic compounds

MnAs Vi Vs Vr Vi 0p Tm P Dulong- Ref.

phases Petit limit

Tetr  5868.589 4858.133 2851.138 3192.058 406.571 1594.145 7.2422  35.06 This work
hcep 5979.840 4796.206 3092.923 773.323 94.887 1070.640 6.839 24.37 This work
cP 3723.460 3374.652 1362.683 1539.359 164.488 990.990 4.682 47.46 This work

Nevertheless, as a crucial thermophysical
property of solids, 6p is connected to many
physical factors, including vacancy formation
energy, entropy, melting temperature, atomic
bonding strength, vibrational specific heat,
internal and free energies, etc. (Meziany et al.,
2025). Depicted in Fig. 7 are the computed
entropy, and
constant volume heat capacity, Cv, in the
temperature ranges of 0 to 800 K. The variation

internal energy, free energy,

profiles in Fig. 7 exhibit subtle differences in
behavior as temperature increases. The internal
and free energies are two fundamental
thermodynamic  quantities  that  govern
oscillations around equilibrium positions in
systems. While the former depicts the amount of
heat energy internal to the system and available
for thermodynamic interaction with the
surroundings, the latter (free energy) quantifies
the heat energy the system can absorb from
external sources. Fig. 7(a) showcases the
temperature dependence of both the internal
energy (dotted-dash lines) and free energy (solid
lines) of the three phases of MnAs. The internal
energy at temperatures above 60 K increases
linearly with rising temperature. The free energy,

@ REJOST 2026

on the other hand, appears increasingly negative
with rising temperature. The more negative the
free energy of the materials, the more likely they

are to demonstrate  superior  thermal
performance. This indication improves the
thermodynamic stability at elevated

temperatures. Fig. 7(b) illustrates how the
entropies of the alloys rise with temperature.
Moreover, since free energy is derived from
entropy, higher entropies correspond to an
increasing negative free energy. The plots of
entropy changes with temperature show a
continuous increase in the entropies of the
compounds. In Fig. 7(c), the heat capacity Cv is
the heat retention ability of a compound
showcased in the order of hep < Tetr < cP, within
the expected range from 0 K to 800 K.

From our observation, the incremental changes
in internal energy of the compounds
equivalently yield higher Cy wvalues. This
indication may result from the low-frequency
modes at low temperature, where only acoustic
modes contribute to vibrational excitations.
However, Fig. 7(c) shows a notable rise in Cy
between 6 and 50 K. Meanwhile, a gradual
increase up to 200 K is observed for the Tetr
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phase of MnAs, whereas the hcp and cP phases
display sharp increases up to 42 K and 98 K,
respectively. At Dulong—Petit limit, the recorded
Cv values are 35.06 Cal./mol.K (Tetr phase),
2437 Cal./mol. K (hcp phase), and 47.46
Cal./mol.K (cP phase). Consequently, although
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the Cv profile for all phases is preserved even
below room temperature (300 K) in the Dulong-
Petti limit, the cP phase among the three phases
exhibits much greater thermal robustness.
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Fig. 7: Temperature dependence of free energy (a), heat capacity (b), and entropy for Tetr-, hcp- and cP-

phases of MnAs compounds

4.0 Concluding Remarks

This investigation compares the tetragonal
(Tetr), hexagonal (hcp), and cubic (cP) phases of
MnAs intermetallics by examining their
electronic, thermoelectric, mechanical, and
thermophysical properties. The results highlight
the coexistence of Tetr, hcp, and cP phases, with
the hcp phase being more thermodynamically
stable at lower temperatures. The thermoelectric
analysis of the MnAs phases is investigated
herein for the first time, and is open for criticism.
Using Vanderbilt-type ultrasoft pseudopotentials
(USPPs) within the PBEsol exchange-
correlation as implemented in the quantum

ESPRESSO code, we studied the compounds.
The structural properties of the three alloys
accounted for the formation energy and binding
energy respectively. The calculated lattice
parameters are in good agreement with
experiment. The bound state, minimum energy,
reveals cP (-916.52 Ry) < Tetr (-880.61 Ry) <
hcp (-458.51 Ry). The electronic properties
shows that the compounds are metals and exhibit
promising electronic transport near the Fermi
level. The calculated elastic constants satisfy the
Born stability criteria the
that the compounds are
anisotropic alloys. Furthermore, the Poisson’s
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and Pugh’s ratios results reaffirm the DOS
analysis that the compounds are ductile with
metallic bonding between atoms. The highest
power factor displayed was found in the cubic cP
phase. Since no experimental work on
thermoelectric transport has been reported, we
strongly and urge further
experimental investigations to validate our
findings. Knowing that there were no usable
experimental results for the elastic and
thermoelectric behaviors concerning tetragonal
and cubic phases of MnAs alloys, our reported
values appreciably become the only available
results in this regard. The thermophysical
assessment of the alloys show that the melting
temperature increases with density. In summary,
the interplay among the electronic,
thermoelectric, mechanical, and thermophysical
properties of the three phases of MnAs makes
them attractive for various applications in
energy-harvesting systems, with the cP phase
offering significant advantages in Seebeck
effects and conductive flexibility.
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