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In the present study, the structural, electronic, magnetic, anisotropic elastic and lattice dynamic prop-
erties of the ternary metal borides MAIB, (M = Mn, Fe and Co) known as MAB phases have been
investigated by density functional theory. The obtained results from the structural optimizations show
that all these compounds have negative formation enthalpy implying the thermodynamic stability and
synthesizability. The spin effects on the M,AIB, phases have been studied with the plotted energy-
volume curves for different magnetic phases (antiferromagnetic (AFM), ferromagnetic (FM), and para-
magnetic (PM)) of these compounds. The stable magnetic phase for the Mn,AIB, compound is found to
be AFM while the magnetic nature of Fe,AIB, and Co,AIB, compounds are FM. The calculated electronic
band structures with the total and orbital projected partial density of electronic states imply that these
ternary metal borides have metallic behavior. Also, the mentioned compounds have mechanical and
dynamic stability due to the calculated elastic constants and the observed phonon dispersion curves.
Some thermodynamic properties have been investigated by means of phonon dispersion curves.
Furthermore, the anisotropic elastic properties have been visualized in three dimensions (3D) for Young’s
modulus, linear compressibility, shear modulus, Poisson’s ratio, and sound wave velocities.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

properties such as high thermal and mechanical stability, good
thermal and electrical conductivity with hardness, stiffness and

The fascinating mechanical, electrical, and magnetic properties,
and radiation damage tolerance make nanolaminated materials the
promising candidates for the possible applications in future energy,
transportation, and defense technologies [1]. The most well-known
nanolaminates are the so-called MAX phases. The general formula
of MAX phases are given as M, 1AX;, n = 1, 2 or 3 (where M is a
transition metal, A is a group A element, and X is either carbon or
nitrogen) and these are usually known as nanolaminated materials
in which MX slabs with strong M-X bonds are separated by A-layers
with weaker M-A bonds [2]. MAX phases have outstanding
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brittleness nature. Hence, MAX phases could be considered as
metallic ceramics [3—5].

Ternary metal borides called MAB phases, was first discovered
experimentally by Ade and Hillebrecht, also exhibit nanolaminated
structure [6]. Having similar physical properties with MAX phases
make MAB phases popular. Lu et al. carried out the study about the
structural analysis of nanolaminated AlCr,B, and AlFe;B, com-
pounds which are the MAB phases [7]. In particular, some experi-
mental studies on the wusage of AlFe;B, compound as
magnetocaloric material have led to rise in the interest in these
types of structures [8,9]. Nanolaminated Mn,AIB, compound was
also experimentally studied in terms of their magnetic orders [10].

Also, in literature, there are some studies about transition metal
borides as regarded ultrahigh temperature and hypersonic
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ceramics [11—13]. Hence, the mechanical properties of these ma-
terials are important for technological and industrial applications.
The elastic properties of AICrB and AlFe, B, were investigated by Nie
et al. [14] and Cheng et al. [15], respectively. Moreover, there are
many reported studies on the mechanical properties, magnetic and
electronic behavior of ternary transition metal borides [16—27].

Hardness and high melting temperature, which are some of the
mechanical and thermodynamic properties of a solid, are very
important parameters due to use for coatings in many industrial
applications. The early (i.e., groups 3 and 4), middle (i.e., groups 5, 6,
and 7) or late transition metals (i.e., groups 8, 9, 10, and 11) based
borides and carbides are considered as the hardest and highest
melting compounds [28—30]. In some recent studies, it was shown
that some compounds such as ReB, and OsB, have remarkable
hardness and low compressibility due to have a strong covalent
bonding between boron atoms and a strong repulsion between the
core electrons of the 5d metal [31—33]. In this context, the dis-
covery of particularly interesting mechanical properties of the bo-
rides of this transition metal element group is the main source of
motivation in this study.

In the literature there are few works about structural and me-
chanical properties of MnAIB,, CoAIB, and Fe,AlB, compounds as
discussed above. In addition, there are very limited study about
each MAIB, (M = Mn, Fe and Co) phases in terms of their me-
chanical, lattice dynamical and electronic properties, and the spin
effects on these properties. This work presents the detailed theo-
retical study that covers the structural, electronic, magnetic,
anisotropic elastic and lattice dynamical properties of each ternary
metal borides M,AIB, (M = Mn, Fe and Co).

2. Computational details

In this study, all of the calculations have been carried out by DFT
(Density Functional Theory), as implemented in the VASP (Vienna
AB Initio Simulation Package) [34—36]. To approximate exchange-
correlation potential within the framework of spin-polarised
generalized gradient approximation (GGA) [37], the Perdew,
Burke and Ernzerhof (PBE) [38] type pseudopotentials have been
used. For Mn, Fe, Co, Al and B atoms in the compositions, the valance
electron configurations are 4s’ 3d°, 4s° 3d%, 4s® 3d’, 3s® 3p' and
2s%2p, respectively. The interactions between the ion cores and
valence electrons have been described under the Projector-
augmented wave (PAW) method. The reciprocal space has been
sampled by 16 x 4 x 16 M — P (Monkhorst-Pack) scheme [39], and
the energy cut-off for the plane wave basis set has been fixed at
550 eV. The ionic positions of atoms and the cell volume by setting
ISIF = 3 has been used as implemented in the VASP code [34—36]
for MAIB, (M = Mn, Fe and Co) compounds. The positions of the
atoms have been fully relaxed until the maximum force on each
atom became smaller than 10~!! eV/A and Methfessel-Paxton
smearing method has been used with 0.01 eV smearing width.
The energy tolerance is less than 10710 eV per unit cell in the
iterative solution of the Kohn-Sham equations. The elastic con-
stants have been calculated with the “stress—strain” approximation
as implemented in VASP uses IBRION = 6 and ISIF = 3 parameters
[40]. The anisotropic elastic properties have been obtained by using
ELATE [41] and Christoffel [42] programs where the calculated
elastic constants have been employed. The vibrational properties
have been studied by VASP using linear response method with the
supercell approach (3 x 1 x 3 supercell) which is generated using
the PHONON software [43]. The crystal structures and the visuali-
zation have been shown by using VESTA [44].

3. Results and discussion

Firstly, these materials have been optimized until all the forces
and pressures become zero in the primitive cell to detect the most
suitable atomic positions in our systems and obtain some structural
parameters. M>AIB, compounds have orthorhombic crystal struc-
ture and conform to Cmmm space group having 65 space number.
Fig. 1 illustrates the three-dimensional crystallographic shapes of
M,AIB, compounds in which two Al atoms are placed at 2c (0.5, 0,
0.5) Wyckoff positions [45], four transition metal (M) atoms (Mn, Fe
and Co) are positioned on 4i (0, 0.146, 0). The four B atoms in the
M,AIB, compounds are located at 4j (0, 0.294, 0.5) for Mn,AlB, and
Fe,AlB, crystals, while the B atoms in Co,AIB, are placed in 4j (0,
0.293, 0.5). After the optimization process, the formation enthalpies
have been calculated to determine the thermodynamic stability
and structural synthesizability for each M,AIB, compounds. Then,
the electronic nature in most suitable magnetic phase, elasticity
and mechanical stability, lattice dynamical and some thermal
properties have been investigated by using these optimized
parameters.

3.1. The structural properties in different magnetic orders

The formation enthalpy value (AH;) which can be calculated by
using internal energy changes [46] as given in Eq. (1), is much
important parameter indicating the structural and thermodynamic
stability of a crystal. This value, for a bulk crystal having AxBy
chemical formula, can be calculated by;

AHf = Etot — (XEI[&“”< +yEg“”‘) (] )

where, E2%* and E§¥k are the ground state energies for A and B
atoms and Eq; is the total energy of the unit cell.

To investigate magnetic orders of the M,AIB, compounds and
the spin effects on these compositions, the spin directions of the
atoms in the unit cell have been changed. The calculated formation
enthalpies of the M,AIB, compounds in ferromagnetic, antiferro-
magnetic and paramagnetic orders have been given in Table 1 and,
it is obviously seen from the calculated formation enthalpies that
the most suitable magnetic phase is AFM for Mn,AIB, compound
while Fe,AlB, and Co,AIB, compounds have FM nature. Also, these
determined magnetic orders for the M,AIB, compounds are in
consistent with the literature [2,7—10,14—27]. Then, the total en-
ergies of the unit cell as a function of volume in ferromagnetic,
antiferromagnetic and paramagnetic phases are given in Fig. 2. As
shown in Fig. 2, after securing ground state energy-volume values,
these values have been normalized and plotted by using Vinet
equation to determine the ferromagnetic (FM), antiferromagnetic
(AFM) or paramagnetic (PM) nature of these compounds [47]. Fig. 2
also illustrates that the energetically more favored magnetic phase
of Mn,AIB, compound is AFM phase. When compared to the
experimental result from the literature by Potashnikov et al. [10],
the determined result for Mn,AIB, with this study has the same
tendency. On the other hand, as seen from Fig. 2 that the more
favored magnetic phase of Fe,AIB, and Co,AIB, compounds are FM
phase. By taking into consideration of the literature, for Fe,AlIB, and
Co,AIB, compounds, the some experimental studies
[7,8,15,20,21,27] indicated that FM phase was the most favored
phase among the all other magnetic phases. Hence, the obtained
magnetic order tendency results for M,AIB, compounds in this
study are consistent with the literature.

In Table 1, the lattice parameters (a, b, c) and bond lengths (d)
obtained during the optimization process have been tabulated for
the most stable magnetic phase. When compared the calculated
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Fig. 1. The three-dimensional (3D) crystallographic shape of primitive cell modeled by 10 atoms of nanolaminated ternary borides M,AIB, (M = Mn, Fe and Co) in different views.

Table 1

The calculated formation enthalpies (AH; in eV/fu.) of nano[aminated ternary borides Q/IZAIBZ (M = Mn, Fe and Co) in three different type magnetic orders, where f.u. is formula
unit, and also, the optimized lattice parameters (a, b, c in A) and bond lengths (d in A) in the most stable magnetic phase.

Compound a b c dy_al dy_p AHg
Mn,AIB, 2.894 11.070 2.828 2.584 2133 —0.406 (AFM)
—0.403 (FM)
—0.403 (PM)
2.894 [2] 11.070 [2] 2.830 [2] -0.333[2]
2.923 [2] 11.070 [2] 2.899 [2]
2.936 [22] 11.120 [22] 2912 [22]
Fe,AIB; 2915 11.021 2.855 2.601 2.145 —0.395 (AFM)
—0.405 (FM)
—0.345 (PM)
2.916 [2] 11.022 [2] 2.851[2] —0.538 [2]
2.925 [2] 11.027 [2] 2.865 [2]
2.928 [7] 11.032 [7] 2.869 [7]
2.928 [8] 11.033 [8] 2.868 [8]
2917 [9] 11.010 [9] 2.864 [9]
2919 [9] 10.989 [9] 2.880 [9]
2.905 [15] 10.954 [15] 2.827 [15]
2.924 [20] 11.033 [20] 2.870 [20]
2.931 [21] 11.028 [21] 2.861 [21]
2.945 [22] 11.090 [22] 2.887 [22]
2.929 [23] 11.039 [23] 2.867 [23]
Co,AIB; 2.964 11.320 2.688 2.594 1.769 —0.317 (AFM)
—0.318 (FM)
—0.317 (PM)
2.965 [2] 11.330 [2] 2.683 [2] 0.130 [2]

lattice parameters for Mn,AIB,, Fe;AlB, and Co,AlB, compounds
with the results from the literature [2,7—9,15,20—23] as given in
Table 1, it has been clearly seen that the present lattice parameters
are in agreement with the theoretical and experimental ones.
Additionally, M»AlB; compounds are thermodynamically stable
and synthesizable with negative formation energies. Although the
formation enthalpy (AHy) of Co,AIB, compound was found to be
positive in the study of Kadas et al. [2], this value was calculated as
negative in this study. This discrepancy could be form due to the
calculation of the formation enthalpies with different methods.
Moreover, the bond lengths between transition metal atoms and
aluminum atoms are larger than the bond-lengths between

transition metal atoms and boron atoms as given in Table 1.

For the solid crystals having magnetic properties, the Curie
temperature (T¢) is a critical and vital parameter. At this tempera-
ture, certain materials lose their permanent magnetic properties, to
be replaced by induced magnetism, and, as given in Eq. (2), which
can be roughly estimated from mean field approximation [48,49]
by using the ground state energy difference (AE) between antifer-
romagnetic and ferromagnetic phase,

2

TC = %AE

(2)
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Fig. 2. Total energies of the unit cell as a function of volume in ferromagnetic, antiferromagnetic and paramagnetic phases of (a) Mn,AIB,, (b) Fe;AlB, and (c) Co,AIB, where f.u. is

formula unit.

where kg is Boltzman constant. The calculated ground state energy
differences between ferromagnetic and antiferromagnetic phases
and the estimated Curie temperatures for the nanolaminated
ternary borides M,AIB, (M = Mn, Fe and Co) have been tabulated in
Table 2. The calculated Curie temperature of Mn,AIB, and Fe,AIB,
compounds have been found to be around the room temperature
and this value is in a good agreement with the experimental [22,23]
and the theoretical [27] studies from the literature. In addition,
about the room temperature, the magnetic properties of Mn,AIB,
and Fe,AIB, compounds are not be suppressed. Hence, it could be
deduced that these compounds are suitable for spintronic appli-
cations [50]. The partial magnetic moments of atoms in crystals are
vital to understand which atoms play a more effective role in the
magnetic nature of the compounds. In this regard, the calculated
partial magnetic moments (fqqm,) Of atoms show that transition
metal atoms (M = Mn, Fe and Co) in the nanolaminated ternary
borides (M,AIB,) have great responsibility for the magnetic
behavior in these materials. The calculated total and partial

Table 2

magnetic moments (ug) of these compounds have been tabulated
in Table 2. It can be clearly seen that the obtained total and partial
magnetic moments of M,AIB, compounds are in a good agreement
with the experimental [2,9,10] and the theoretical [2,27] studies
from the literature. Moreover, the partial magnetic moment values
show that the dominantly contributions to the magnetic properties
come from the 3d substitutions on M sites in the M,AIB,
compounds.

3.2. The observed electronic behavior in favorable magnetic phase

On the basis of the derived equilibrium lattice constants and the
energetically favorable magnetic phase, the electronic band struc-
tures of M,AIB, (M = Mn, Fe and Co) compounds has been calcu-
lated. For the M,AIB, compounds, the obtained spin-polarised band
structures and the corresponding total density of states (TDOS)
plotted along the high symmetry points in the first Brillouin zone
have been illustrated in Fig. 3a-c. It is evident from these figures

The calculated ground state energy values for antiferromagnetic (Espyin eV) and ferromagnetic (Egy in eV) orders, predicted Curie temperatures (T¢ in K), total and partial
magnetic moments (ug) of nanolaminated ternary borides M,AIB, (M = Mn, Fe and Co).

Compound Earm Epm Tc ug/f.u g /atom
M Al B
Mn,AIB; —37.456 -37.419 291 0.834 0.430 —0.002 -0.011
0.820 [2]
0.750 [2]
0.710 [10]
296 [27]
Fe,AlB, —36.008 —36.046 294 2.808 1.422 —0.004 -0.014
2.700 [2]
2.670 [2]
1.400 [9]
282 [22]
274 (23]
298 [27] 2.730 [27] 1.430 [27] —0.004 [27] —-0.010 [27]
Co,AlB, —32.913 -32.914 12 0.356 0.179 0.000 —0.001
0.310 [2]
0.390 [2]

0.200 [27]
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Fig. 3. Electronic band structure with the corresponding TDOS for (a) Mn,AIB,, (b) Fe;AlB, and (c) Co,AIB,. The zero of band energy is shifted to Fermi level (Ef).

that all three compounds have metallic character because there is
no band gap around the Fermi energy level in both spin states. Also,
the lack of full symmetry between the majority and minority spin
channels indicates that all three materials are not paramagnetic. In
addition to the plotted electronic band structures, the orbital pro-
jected partial density of states (PDOS) and total density of states
(TDOS) have been calculated, as presented in Fig. 4a-c, for Mn,AIB,,
Fe,AlB, and Co,AIB, compounds, respectively. As seen from these
figures, there are strong hybridizations between the d-orbitals of
the transition metal atoms (Mn, Fe and Co) and the p-states of the
aluminum and boron atoms especially around Fermi level. In
addition, there are strong hybridizations between d-orbitals of
transition metal atoms (Mn, Fe and Co) and p-states of aluminium
and boron atoms. The hybridizations exist between the states of the
3p-states and 2p-states of aluminium and boron atoms and 3d-
states of transition metal atoms, both below the Fermi level (almost
between —3 eV and —6 eV), known as the valence band, and above
the Fermi level (almost between 2.5 eV and 6 eV), known as the
conduction band. For all three compositions, the dominance of the
d-states of the transition metal atoms can be clearly understood
from the plotted orbital projected partial density of states. This
means that, d-orbitals of Mn, Fe and Co atoms are mainly

responsible for the metallic character of these crystals and also
have significant contributions on the formation of the materials
and chemical bonding. Also, to understand the chemical bonding
type made by atoms, two-dimensional electron-density distribu-
tions have been plotted for different plane is shown in Fig. 5. These
plots indicate that transition metal atoms (Mn, Fe and Co) and
aluminium (Al) atoms make ionic bonds whereas boron (B) atoms
make covalent bonds with each other. Hence, the TDOS and PDOS of
M,AIB, compounds have been found to be well compatible with
previous theoretical study in the literature [2,9,27].

3.3. The prediction of elasticity properties and the determination of
mechanical stability

The mechanical stability and the elastic properties are very
crucial for various industrial applications. In order to understand
the flexibility and mechanical stability of MAIB, (M = Mn, Fe and
Co) compounds, the elastic constants (Cj;), which are nine in-
dependents constants for an orthorhombic crystal, have been
calculated using the stress-strain approach [51], as seen in Table 3.
The mechanical stability of a material can be determined by the
Born’s stability criteria’s [52]. For any solid crystal having
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Table 3
The calculated elastic constants (Cj; in GPa) for nanolaminated ternary borides M,AIB, (M = Mn, Fe and Co).
Compound Cii Ci2 Ci3 Ca2 Cas Cs3 Caq Css Ces
Mn,AIB, 467.5 1724 105.1 342.8 94.8 459.7 154.7 195.9 170.4
486.0 [2] 193.5 [2] 132.1 2] 413.1 2] 140.0 [2] 478.0 2] 152.2 [2] 192.2 2] 186.9 2]
Fe,AlB, 426.2 148.7 120.4 378.6 1329 3074 1324 168.0 134.8
4470 [2] 170.1 [2] 133.9[2] 402.7 [2] 156.4 [2] 3346 [2] 14022 [2] 166.3 [2] 15622 [2]
389.1 [14] 138.7 [14] 128.7 [14] 4332 [14] 1183 [14] 348.7 [14] 171.4 [14] 137.5 [14] 141.2 [14]
Co,AIB, 3718 180.0 165.7 303.6 165.2 2741 107.8 155.8 85.8
3802 [2] 193.3 [2] 199.0 2] 317.1[2] 186.9 [2] 319.9 [2] 127.6 [2] 153.1 [2] 102.2 2]
orthorhombic structure, the mechanical stability conditions have Table 4

been given as;

Ci,'>0(11’ld (C,-,-+C,-j72C,-j>0) fOT’ i=1...6 (3)

It can be easily understood from the Table 3 that these materials
are mechanically stable since they meet the Born’s stability criteria.
The comparison of the obtained results revealed that the calculated
elastic constants (Cy1, C33, C44 and Css values) are coherent, while
C12, C13, Ca2, Ca3 and Cgg values are higher (about 8—30%) than the
theoretical values in literature [2] for Mn,AIB, compounds. More-
over, when compared the calculated elastic constants for Fe,AlB,
with the calculated results in Ref. [2,14] and for Co,AIB, with the
calculated results in Ref. [2] there are difference about 1-20% and
2—16%, respectively. The differences could be originated from the
usage of different calculation techniques. In addition, once
compared the Cq1, C22 and Cs3, Cq1 has the largest value among the
other elastic constants for M»AlB; compounds. This result indicates
that M>AIB, compounds are harder to compress along a-axis which
has strong B—B bonds (see Fig. 1). Also, the trend observed for Cyy,
Cy2 and Cs3 is coherent with the study of Kadas et al. [2].

3.3.1. The prediction of anisotropic elastic properties

The mechanical properties such as bulk (B), shear (G) and
Young’s (E) modulus, Pugh’s (B/G) and Poisson’s (¢) ratios, hardness
(H) and anisotropy parameters (A1, A, and A3) have been estimated
by using the calculated elastic constants [53]. Voigt [54], Reuss [55]
and Hill [56] approaches have been used for upper, lower and
average values as seen in Egs. (4)—(7).

By =(1/9)[Ci1 + Cop + (33 +2(Ci2 + Ci3 + (23)] (4)

Br=1[(S11 + S22 + S33) + 2(S12 + S13 + S23)] ' (5)
Gy =(1/15)[Cy1 + G2 +G33 — (Cr2
+Ci3 + Ca3) +3(Cag + Cos + Cgg)] (6)
Gr=15[4(S11 + S22 + S33) — 4(S12 + S13 + S23)

+3(Saa + Ss5 + Se6)] ! (7)

where S;; elastic compliance constants for an orthorhombic crystal.
For a solid crystal, the average of bulk (B) and shear moduli (G) can
be defined as a measure of resistance to reversible deformations
upon shear stress and represent the resistance to plastic defor-
mation and these values have been calculated from B = (By +Bg)/ 2
and G = (Gy +Gg)/2 by using Hill approximation. In addition, other
elastic properties, such as Young’s moduli (E) and Poisson’s ratios
(), have been predicted by using Bulk and Shear modules, as given
in Eq. (8). These values have been tabulated in Table 4.

The estimated average values of bulk (B in GPa) and shear moduli (G in GPa), Young’s
moduli (E in GPa), Poisson’s ratios (¢), Pugh’s ratios (B/G) and also Vickers hardness
(Hy in GPa), for nanolaminated ternary borides M,AIB, (M = Mn, Fe and Co).

Compound B G E B/G a Hy
Mn,AIB, 221.6 160.6 388.0 1.38 0.21 10.26
256.0 [2] 164.8[2] 407.1[2] 1.55[2] 023[2] 7.30[2]
Fe,AlB, 210.5 1325 328.7 1.59 0.24 9.54
231.8 [2] 138.8[2] 347.2[2] 1.67[2] 0.25[2] 9.50]2]
10.20 [26]
CoyAlB, 216.8 94.5 2475 2.29 0.31 8.87

2405[2] 101.0([2] 2659[2] 238[2] 032[2]

9GB 3B-2G

E=c38""~"2G+38) ®)

Among the elastic properties, the Young moduli, which can be
defined as ratio of stress and strain and can give information about
linear strain along the edges of any solid crystal, is much important
parameter since it can characterize the stiffness of materials. When
the values in Table 4 are considered, these compounds can be
classified as hard materials. Furthermore, Mn,AIB, is stiffer than
the others due to its highest E value while Co,AIB, has highest
flexibility due to its lowest value.

By looking at the Poisson ratio of a crystal, a determination can
be made about its compressibility feature. For a solid crystal, when
the Poission ratio approaches about 0.5, it can be classified as an
incompressible material [57]. As given in Table 4, the calculated
Poisson’s ratio of these compounds is around 0.3, which means that
they have almost compressible character. It is also known that the
same ratio should be about 0.1 for covalent bonds and about 0.25
for ionic bonds [58]. Hence, it can be clearly seen that the type of
binding between transition metal atoms (Mn, Fe and Co) and
aluminium (Al) atoms in M,AIB, compounds is closer to the ionic
character. This type of binding is predominant especially in the
Fe;AIB, compound since the calculated ratio is much close to the
critical value of 0.25.

Material’s brittleness or ductility are another important me-
chanical property for the industrial applications. The Pugh’s ratio
[59] which can be calculated by using bulk and shear moduli of a
crystal (B/G), gives so much information about elasticity of mate-
rial. When the B/G ratio is higher than the critical value 1.75, ma-
terial is said to be ductile. On contrary, if this ratio is lower than the
critical value, material is said to be brittle. As can be inferred from
Table 4, MnyAIB, and Fe,AIB, are brittle materials while Co,AIB,
ductile.

The calculated hardness (Hy) values for M,AIB, compounds
have been calculated by using the semi-empirical method based on
the electronegativities and covalent radii of the constituent atoms,
and the bond lengths in the structure developed by Lyakhov et al.
[60]. The calculated Hy values are also given in Table 4 and it has
been concluded that Mn,AIB, compound is the hardest material
among the M,AIB, compounds. In addition, the experimentally
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Table 5
The calculated Cauchy pressures for the (100), (010), and (001) planes of nano-
laminated ternary borides M,AIB, (M = Mn, Fe and Co).

Compound Cy3 — Cy4 (GPa) Cq3 — Css5 (GPa) Cq — Cgg (GPa)
Mn,AIB; -59.9 -90.8 2.00
Fe,AlB, 0.50 —47.6 13.9
Co,AIB, 57.4 9.90 94.2

obtained Hy value of Fe,AlB, compound is well matched with the
calculated value [26]. Due having no data about the Mn,AIB, and
Co,AIB, compounds, the comparison could not be done for these
compounds.

There is a relationship between the angular character of atomic
bonding in a crystal and also its brittleness or ductility behavior.
This relationship can be explained in detail using the calculated
Cauchy pressure [60]. Having a large positive value of the Cauchy
pressure indicates a ductile material with metallic bonds. In con-
trary, a negative value of the Cauchy pressure indicates a material
having a brittle structure with a more angular bond character. A
crystal with an orthorhombic structure may behave differently in
all three crystallographic planes, unlike cubic systems that exhibit
the same behavior in all planes. Therefore, the Cauchy pressures of
an orthorhombic composition can be determined by the aid of
elastic constants for three different planes; Cy3 — Cy44 for the (100)
plane, C3 — Cs5 for the (010) plane, and Cq; — Cgg for the (001)
plane [61]. The calculated Cauchy pressures for different planes of
M,AIB, compounds have been tabulated in Table 5. As seen in this
table, for the (100) plane, the calculated larger negative pressure
value of Mn,AIB, compound implies strong angular bonding char-
acter while the atomic bonding type of Co,AIB, compound has
strongly metallic character in the same plane. For the (010) plane,
the calculated larger negative values of Mn,AIB, and Fe,AlB,
compounds indicate strong angular type of atomic bonding
whereas all of three compounds have metallic bonding character in
the (001) plane (see Table 5).

The shear anisotropy factor in an orthorhombic structure can be
defined for {10 0},{0 10} and {0 0 1} planes as given in Eq. (9) [62].
For these planes, the calculated shear anisotropy factors show that
for the {1 0 0} plane only Fe,AlB, compound has a nearly isotropic
character, while for the {0 0 1} plane both Fe,AIB, and Co,AIB; have
isotropic feature (see Table 6).

4Cyy
A = A
HO (G + Gy - 2Gy) 7O
4C 4C
25 Ajoo1y = = (9)

T (Cp + Gz - 203) T (C1 4+ G —2Cpp)

In addition to the calculated anisotropy factors for the different
planes, the isotropic nature of a crystal can be defined by the
percent anisotropy factors (Ag and Ag) [63] and universal anisot-
ropy factor (AY) [64] by using the upper and lower limits of bulk
and shear modulus, as given in Eq. (10).

By — Bg Gy — Gg

Agzm x 100% ,Ac et 100%, AY
v R |4 R
_ =Gy By
75G_R+B_R_6 (10)

It is known that; the percent anisotropy factors (Ag and Ag) and
universal anisotropy factor (AY) of an isotropic crystal must be
should be zero. The calculated factors imply the high anisotropic
degree of the bulk and shear modulus of M,AIB, compounds.

To make a further determination, the direction dependent
Young’s modulus, linear compressibility, shear modulus and

Table 6

The predicted shear anisotropy factors (A100}, A{o10}, Ajoo1;) for different crystal-
lographic planes and the percent anisotropy factors (Ag and Ag) and universal
anisotropy factor (AV) of nanolaminated ternary borides M,AIB, (M = Mn, Fe and
Co).

Compound A100 Ao10) Aqoo1} Ap(%) Ac(%) AU

Mn,AIB, 0.863 1.278 1.464 0.981 2.155 0.240
Fe,AlB, 1.075 1.599 1.063 1.123 1.373 0.162
Co,AlIB, 1371 2.520 1.087 1.031 4.895 0.536

Poisson’s ratio have been plotted with the obtained several elastic
constants of Fe,AIB, in 2D and 3D by using the EIAM code [41] as
given in Fig. 6 (to save a space, the corresponding figures of
Mn,AIB,and Co,AIB, compounds are given in supplementary file as
Fig. 6.1.1 and Fig. 6.1.2, respectively). In Fig. 6, the green shapes
correspond to minimum values of the given parameters and the
blues shapes correspond to maximum values. It is concluded from
the figure that Fe,AlB, compound has an anisotropic property for
Young’s modulus, shear modulus and Poisson’s ratio while it has an
isotropic property for linear compressibility.

In addition, the direction dependent sound wave velocities and
the related enhancement factor are obtained by using Christoffel
program [42] with quadruple precision which only requires the
elastic stiffness constants and the density of medium. There are two
types of sound wave velocities, namely, the longitudinal sound
wave velocity (), and the two transverse wave velocities (v¢), in
two directions. Fig. 7 shows the calculated group wave velocities,
phase wave velocities and enhancement factors for Fe,AlB, com-
pound (to save a space, the corresponding figures of Mn,AIB,and
Co,AIB, compounds are given in supplementary file as Fig. 7.1.1 and
Fig. 7.1.2, respectively). The two secondary modes (Fast Secondary
and Slow Secondary) correspond to the transverse wave velocities
and the sing primary mode (Primary mode) is the longitudinal
wave velocity. It has been observed that the group wave velocity
has higher value in all axis for the slow secondary mode. The group
wave velocity in fast secondary mode has the lowest value in c-
direction while the group wave velocity in primary mode has the
lowest value in b-axis. The phase wave velocity in slow secondary
mode is low in all directions, the phase wave velocity in fast sec-
ondary mode is fast in a- and b-axis and the phase wave velocity in
primary mode has highest value in a-direction. In addition, the
enhancement factor in slow secondary mode has the highest value
in b-axis. The enhancement factor in fast secondary mode has the
highest values in all axis while the enhancement factor in primary
mode has the lower values in all axis.

3.4. The lattice dynamic properties and the calculated thermal
conductivities

The phonon dispersion curves have also very high importance
for evaluating the material stability since the soft phonon modes
can reflect the possible distortion in crystal. In the literature, there
are no theoretical or experimental study about the phonon
dispersion curves of M,AIB, (M = Mn, Fe and Co) compounds. With
this study, the phonon dispersion curves and phonon frequencies
have been calculated by using the supercell approach with the
linear response method to check the dynamical stabilities of
M>AIB, (M = Mn, Fe and Co) compounds. For these compounds, the
obtained phonon dispersion curves with phonon DOS have been
shown in Fig. 8. There are 30 branches in the phonon graph con-
sisting of 3 acoustic and 27 optic branches with respect to having 10
atoms in the primitive cell. It can be clearly seen that the phonon
dispersion curves have no imaginary frequencies (except Co,AIB,),
indicating the dynamical stability of M,AIB, compounds. As seen in
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Fig. 6. The directional dependent (a) Young’s modulus, (b) linear compressibility, (c) shear modulus and (d) Poisson’s ratio of Fe,AlB, compound.

Fig. 9, Co,AIB, is dynamically unstable.

Hence, the lattice dynamical properties will be discussed in the
text for Mn,AIB, and FeAlB,. When these graphics are analyzed
together, it is seen that the sharp peaks in the phonon DOS come
from the boron atoms and the transition metals (Mn and Fe).
Explicitly, the dominant contribution to the acoustic branches
originates from the Mn and Fe atoms. The optical modes (<12 THz)

for Mn,AIB, and FeAlB, are attributed to the vibrations of the Al
atoms while the contribution at the higher frequencies (>12 THz)
comes from the lightest element of the compound that is B atoms.

The thermal conductivities are much important and useful pa-
rameters for the technological applications such as thermal barrier
coating. The observation of acoustic branches in the lower fre-
quencies is the indication of low lattice thermal conductivity for the
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Fig. 7. (a) Group wave velocity, (b) phase wave velocity, and (c) enhancement factor for Fe,AlB; in 3D.

phases [65]. The distance between the acoustic and the low fre-
quency optic phonon branches becomes the closest for
Fe,AlB,while this distance is the furthest for Mn,AIB,. This condi-
tion is related to the thermal conductivities. Hence, the relation in
between thermal conductivities of these compounds could be given
as follows: Fe,AlBy< Mn5AlIB,.

To detail the thermal conductivities of these compounds better,
two models namely Cahill model [66] and Clarke model [67] have
been used. The calculated minimum thermal conductivity values
have been tabulated in Table 7. It is clearly seen from this table,
Mn,AIB, has highest and Fe,AlB, has the lowest thermal

conductivity as expected from Fig. 8.

Finally, in this study some thermal behaviors of nanolaminated
ternary borides M,AIB, (M = Mn and Fe), which were defined by
using quasi-harmonic Debye model [68], are presented. The
observed thermal properties have been derived in between 0 and
1000 K temperature range. The free energy, entropy and heat ca-
pacity (Cy, at constant volume) as a function of temperature for
Mn,AIB; and Fe,AIB, compounds have been shown in Fig. 9(a) and
(b), respectively. As the temperature increases, the entropy in-
creases while the free energy decreases. It is realized from the
figure that the value of C, increases very rapidly with the
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temperature until the temperature point T~400 K. Then the tem-
perature above this point, the C, increases slowly with the tem-
perature and it almost approaches a constant value called as
Dulong-Petit limit for these compounds.
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Fig. 9. The free energy, entropy and specific heat as a function of temperature of (a)
anAle and (b) FezAle.

Table 7
The minimum thermal conductivities (4,,;,) in Cahill and Clarke model for nano-
laminated ternary borides M,AIB, (M = Mn, Fe and Co).

Compounds Cahill model Clarke model

Amin (W.m=1.K-1) Amin (W.m=1.K-1)
Mn,AIB, 2456 2.258
Fe,AlB, 2252 2.062

4. Conclusion

In this work, structural, electronic, mechanical, lattice dynamic
and thermal properties have been studied in detail for the M,AIB,
(M = Mn, Fe and Co) compounds which are known as nano-
laminated ternary metal borides called MAB phases. The calculated
lattice parameters, optimal atomic positions, electronic behavior
and magnetic nature have been found to be a good agreement with
theoretical and experimental studies from the literature. It has been
concluded that Mn,AIB, is in the magnetic order of AFM, Fe,AIB, is
in FM order, and Co,AIB, is in the magnetic order of weakly FM.
And, the observed electronic band structures for all compounds
have indicated that MAIB, are in metallic nature. The MAIB,
compounds are predicted energetically and mechanically stable. In
addition, the comparisons of the calculated elastic constants have
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indicated that these compounds are harder to compress along a-
axis which has strong B—B bonds. Also, Fe,AIB, is said to be stiff
while Mn,AIB, material is ultra-stiff. Moreover, the phase wave
velocity in slow secondary mode has found to be low in all di-
rections, the phase wave velocity in fast secondary mode has found
to be fast in a- and b-axis and the phase wave velocity in primary
mode has found to be highest in a-direction. In addition, it is
determined that Mn,AIB, and Fe,AIB, compounds are dynamically
stable while Co,AIB, is dynamically unstable. The minimum ther-
mal conductivity values calculated from two different models have
showed that Mn,AIB, compound has highest thermal conductivity.
Therefore, MAB phases, similar to the well-known MAX phases,
could be an important candidate for many industrial applications
such as Li-ion batteries, durable coatings, superconducting mate-
rials and spintronic devices.
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