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ABSTRACT

First-principles density functional theory (DFT) calculations within generalized gradient approximation
(GGA) are carried out to investigate the structural, electronic, mechanical, lattice dynamical and ther-
modynamic properties of Ti,AN (A = Si, Ge and Sn) MAX phases. The optimized geometrical parameters
such as lattice constants (a, c¢) and the internal coordinates have been calculated. Electronic band
structure and corresponding density of states (DOS) have been obtained. The analysis of the band
structures and density of states have shown that these compounds are electrical conductors. The elastic
constants have been ascertained using the stress-strain method. The isotropic elastic moduli, known as
bulk modulus (B), shear modulus (G), young's modulus (E), poisson's ratio (v), vickers hardness (H,) and
linear compressibility coefficients («) have been studied within framework of the Voigt—Reuss—Hill
approximation for ideal polycrystalline Ti,AN (A=Si, Ge and Sn) MAX aggregates. Furthermore, the
phonon dispersion curves as well as accompanying phonon density of states have been comprehensively
computed. And also raman and infrared modes at the I point have been obtained. Within the ther-
modynamic properties, specific heat capacity, entropy, helmholtz free energy and internal energy
changes were analyzed depending on the temperature of Ti;AN (A =Si, Ge and Sn) compounds. The
obtained results are presented in comparison with present theoretical data for Ti,SiN. This is the first
quantitative theoretical study of the electronic properties and other properties for Ti,GeN and Ti,SnN
compounds and therefore theoretical results for these compounds need to be verified experimentally.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction

A-group element and X is C or N and n varies from 1 to 3. MAX
phase compounds have a wide-spectrum composition and nano-

MAX phases have attracted great interest since their discovery
in the 1960s by Nowotny and co-workers [1,2]. Fundamentally,
these materials are of scientific interest because of their physical
and chemical characteristics such as high melting point, high bulk
modulus, well oxidation resistance, low density, high thermal and
electrical conductivity, thermal diffusivity, perfect thermal shock
resistance and simple machinability [3—5]. Therefore, MAX phases
are promising materials for heating elements, nozzles, heat ex-
changers and tools for depressing [6]. MAX phase compounds have
general formula of M, 1AX, where M is a transition metal, A is an
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layered crystal structure. These materials can be divided into
three main groups based on their stoichiometric structures. These
groups are known as 211, 312 and 413 materials. Except for some
stoichiometric structures belonging to 413 group, most of the MAX
phases were discovered in 1960s. Additionally, these materials have
both ceramic and metallic phases [7]. In ceramic phase, they exhibit
maximum hardness [8], resistance to oxidation [9] and being stable
at high temperatures [10]. However, they show machinability [11],
thermal shock resistance [12], high thermal [13] and electrical
conductivity [14,15] in metallic phase. MAX phase compounds
combining the superior characteristics of ceramics and metals
together are seen as a transition material class between ceramics
and metals. As a result, MAX phase alloys can be used as bulk,
powder, foam or coating materials in industrial applications. There
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are nearly 100 MAX phases at the present time. So far, however,
experimentally synthesized or theoretically estimated phases
belong to 211 M,AX phases such as TiAlC, Ti>AlN, Ti>SiC and Ti,SiN
[16].

Owing to their intriguing features MAX phases have been sub-
ject of many experimental and theoretical studies [16—28]. Exper-
imentally, Farle et al. [17] published autonomous crack healing for
Ti>AIC and TizAlC; of the M, ,1AX, (MAX) phase ceramics. They
found that Ti3SiC; met the criteria for autonomous high-
temperature crack healing. Tian et al. have synthesized Cr,AlC,
and extensively investigated its thermal and electrical properties
[18]. In another study, Schneider et al. have determined the struc-
ture of Cr,AlC experimentally, and performed ab-initio calculations
for further investigations [19]. Lately, a new ternary nanolaminated
carbide Mo,Ga,C phase has been discovered by Hu et al. [20]. First-
principles study of the fundamental properties have been inclu-
sively computed for Tiy1GaNy (n=1, 2, and 3) and M;AB (M =Ti,
Zr, Hf; A= Al, Ga, In) MAX phases Surucu et al. [21,22]. Lin et al. [23]
fabricated Ta—Al—C ceramics with the help of hot-pressing method
using elemental Ta, Al, and graphite powders as starting materials.
The mentioned authors obtained bulk modulus of Ta—Al—C car-
bides using Generalized Gradient Approximation and Perdew
Wang exchange functional [24] in the Cambridge Sequential Total
Energy Package code. First-principles study on the structural,
elastic and electronic properties of Ti»SiN under high pressure have
been calculated via the local density approximation (LDA) and the
generalized gradient approximation (GGA) by Li et al. [28]. They
have emphasized that shear anisotropy factor as well as Poisson's
ratio of Ti,SiN grow with pressure. Similarly, Gan et al. [26] were
systematically studied similar properties of Ti>SiN by means of first
principles density functional theory calculations. It was found that
Ti»SiN compound is conductive from electronic band structure.
Keast et al. [27] predicted the stability of the MAX phases from first-
principles calculations and the result of a small energy suggests
that Ti,SiN has the potential to be fabricated as a metastable
compound.

As far as we know there is no theoretical study about Ti;GeN and
Ti>SnN. In the current study, we looked through the electronic,
mechanical, lattice dynamical and thermodynamic properties of
TioAN (A=Si, Ge and Sn) MAX phases by means of ab-initio
calculations.

2. Calculation method

The ab-initio calculations in this study were conducted
employing the plane-wave pseudo-potential density functional
theory (DFT) approach through the Vienna Ab Initio Simulation
Package (MedeA-VASP) [29,30] together with the projector
augmented wave potential [31]. The electronic exchange-
correlation was operated by using the generalized gradient
approximation (GGA) of Perdew—Burke—Ernzerhof (PBE) [32]. The
plane-wave energy cut-off was opted to be 600 eV for the compu-
tation of structural, electronic, mechanical, lattice dynamical and
thermodynamic properties of TiAN (A = Si, Ge and Sn) MAX pha-
ses. The electronic energy convergence gauge adjusted to 107> eV
value by employing the Normal (blocked Davidson) algorithm. The
Brillouin-zone integrations were performed via the Methfessel-
Paxton smearing method [33] with smearing parameter of 0.1 eV.
Nevertheless, a 24 x 24 x 5 Monkhorst—Pack [34] k-point mesh
were utilized for hexagonal structure. The elastic constants were
acquired by the stress-strain [35] method. The phonon dispersion
spectra of the noted compounds were computed with the aid of
using the direct approach [36]. The forces in this approach is pro-
vidled by the Hellmann—Feynman (HF) theorem. The
Hellmann—Feynman forces on all atomic positions obtained for

positive and negative movements with the width of 0.02A.
3 x 3 x 1 supercells with displaced atoms containing 72 atoms
were used for lattice dynamical and thermodynamic properties.

3. Results and discussions
3.1. Structural and electronic properties

MAX phases are a group of layered ternary compounds with the
general formula My 1AX;,. TiAN (A=Si, Ge and Sn) compounds
crystallize in two different forms in hexagonal structure P63/mmc
(No.194) space group symmetry, where the Ti atom is located at the
Wyckoff positions 4f (1/3, 2/3, z), while A atom is located at the 2d
(1/3, 2/3, 3/4), and N at 2a (0, 0, 0).

Crystal structure of TiAN (A =Si, Ge and Sn) compounds are
shown Fig. 1. The lattice parameters, a, ¢, and the internal structural
parameter z, determined from geometry optimization and are
given in Table 1 along with the present theoretical results for Ti,AN
(A=Si, Ge and Sn). The calculated lattice parameters are;
a=2992A and c=12779A for TiySiN, a=3.046A and
¢=12.907 A for TiyGeN, a = 3.176 A and ¢ = 13.468 A for Ti»SnN. Our
results for Ti,SiN agree well with the previous theoretical results
[26—28]. The calculated lattice constants a and c for Ti,SiN diverge
from Ref. 26 within 0.44% and 0.32%, respectively. It has been
observed that the lattice constant a and free internal parameters z
increase as one goes from TiSiN to Ti;SnN in accordance with
soaring ionic radius of the A atom. Conversely, the second lattice
parameter c decreases.

The calculated numeral (N) of total density of states at the Fermi
level (Eg) is 2.294, 3.369 and 4.704 eV, respectively for Ti,SiN,
Ti,GeN and Ti,SnN. This value for Ti;SiN has been found to be
3.67 eV [26] and 3.59 eV [28] in two different studies. As a conse-
quence, there is gradually increasing tendency in the DOS at Eg with
rising atomic numbers of the A atom. In conclusion, Ti;SnN is more
conductive than Ti,GeN and Ti;GeN is more conductive than Ti>SiN.

The band structures of TiAN (A =Si, Ge and Sn) compounds
have been estimated along the high-symmetry lines within the first
Brillouin zone from the computed stability lattice constant. The

Fig. 1. Crystal structure of Ti;AN (A =Si, Ge and Sn) compounds.
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calculated band structures and relevant partial and total electronic
density of states (DOS) for Ti;AN (A = Si, Ge and Sn) are shown in
Fig. 2 and Fig. 3, successively. From the electronic band structure
shown in Fig. 2 we can see that a) TiySiN, b) Ti,GeN and c) Ti,SnN
compounds are metallic due to the fact that there is no band gap
along the Fermi level (Eg). The valence and conduction bands
overlap greatly and there are many bands across Eg, which is similar
to those in many My, 1AX, phases [22]. As a result Ti;AN (A = Si, Ge
and Sn) are expected to exhibit metallic, thermal and electrical

Table 1
Calculated lattice parameters and Wyckoff position of TiAN (A = Si, Ge and Sn).
Compounds References a(A) c c/a Zri
Ti,SiN Present 2.992 12.779 427 (1/3,2/3,0.093)
[26] 2979 1282 430  (1/3,2/3,0.093)
[27] 2990 1288 431 (1/3,2/3,0.092)
[28-LDA] 2927 12617 431 -
[28-GGA] 2.984 12.822 4.30 -
Ti,GeN Present 3.046 12907 424  (1/3,2/3,0.089)
Ti,SnN Present 3176 13468 424  (1/3,2/3,0.078)
3
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Fig. 2. The electronic band structure for (a) Ti,SiN, (b) Ti;GeN and (c) Ti;SnN compounds.
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Fig. 3. The total and partial DOS of (a) Ti,SiN, (b) Ti;GeN and (c) Ti,SnN compounds.

conduction. The calculated partial and total density of states (DOS)
of a) TizSiN, b) Ti;GeN and c) TiSnN compounds are shown in Fig. 3.
DOS is the most important electronic property in materials science
and condensed matter physics and it is defined as the number of
allowed electron (or hole) states per volume at a given energy

[37,38]. It is clear that all alloys are metallic due to the fact that the
DOS values differ from zero at the Fermi level. From Fig. 3 (a) it is
clearly seen that for TiySiN, between —10 eV and —7.5 eV the most
contribution to DOS comes from 3s orbitals of Si atom (Si-3s).
However, the least contribution comes from 3p orbitals of Si atom
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(Si-3p), 3d orbitals of Ti atom (Ti-3d), 3p orbitals of Ti atom (Ti-3p)
and 2p orbitals of N atom (N-2p). This is due to fact that 3p orbitals
of Si atom, 3d orbitals of Ti atom, 3p orbitals of Ti atom and 2p
orbitals of N atom have almost equal contribution to DOS. At —6 eV
energy, the most contribution to DOS comes from 2p orbitals of N
atom (N-2p) while the minor contribution comes from 3p orbitals
of Si atom (Si-3p). At —3 eV the majority of the contribution to DOS
comes from the 3d orbitals of Ti atom (Ti-3d) atom, while the mi-
nority of the contribution comes from 3s orbitals of Si atom (Si-3s).
Between —1.5 eV and +1.5 eV the most contribution to DOS comes
from the 3d orbitals of Ti atom and the least contribution to DOS
comes from the 2p orbitals of N atom (N-2p) and 3s orbitals of the
Si atom (Si-3s). Our calculated total and PDOS for Ti,SiN agree well
with the available theoretical results [26,27].

For TizGeN shown in Fig. 3 (b), between —10.5eV and —7.5eV
the majority of the contribution to DOS comes from the 3s orbitals
of the Ge atom. Between —6eV and —7.5 eV, the majority of the
contribution to DOS comes from the 3p orbitals of Ti atom, 3d or-
bitals of Ti atom, 4s orbitals of Ti atom and 2p orbitals of N atom.
At —3 eV, the majority of the contribution to DOS comes from the
3d orbitals of Ti atom, 3p orbitals of Ti atom and 3p orbitals of Ge
atom. Fermi level generally consist of 3d orbitals of Ti atom. For
instance, the contribution of one peak, above the Fermi level
(nearly 2 eV), is mainly dominated by Ti-3d states.

For Ti,SnN case shown in Fig. 3 (c), between —10.5 eV
and —7.5 eV, the majority of the contribution to DOS comes form
the 3s orbitals of the Sn atom (Sn-3s). On the other hand, the mi-
nority of the contribution to DOS comes from the 3p orbitals of the
Sn atom (Sn-3p). At —6 eV energy, the most contribution to DOS
comes from 2p orbitals of N atom (N-2p) and 3d orbitals of the Ti
atom (Ti-3d). Likewise, between —6 eV and —4,5 eV, the major
contribution to DOS comes from the 2p orbitals of the N atom (N-
2p), 3d orbitals of the Ti atom (Ti-3d) and the minor contribution
comes from the 3p orbitals of the Sn atom (Sn-3p). From —1,5 eV

Therefore, the information obtained from the accurate calculation
of the elastic constants plays a very important role when it is
desired to examine the hardness of the material, the mechanical
stability and the bond strengths between the nearest neighbor
atoms of the constituent atoms. In this study, the mechanical
properties of TiAN (A = Si, Ge and Sn) compounds are achieved by
the stress-strain method. For a compound in the hexagonal struc-
ture, there are six independent elastic constants, (i.e. C13, Cq2, Cy3,
(33, C44 and Cgg). Elastic constants of TiAN (A =Si, Ge and Sn)
compounds calculated at zero temperature and zero pressure are
given in Table 2 together with other theoretical studies. For me-
chanical stability of a crystal in hexagonal structure, the second
order elastic constants must satisfy the following Born stability
criteria [39],

C11 > [Ci2], Caa >0, (Cyy + 2C12)Cs3 > 2G4 (M

Given these stability considerations, it is understood from
Table 2 that these compounds are mechanically stable. Calculated
values of Cy3, C33 and Cyq are quite concordance with previous
theoretical calculations [26, 28-GGA]. The obtained Cy; value for
TiySiN is bigger than formerly reported, but Cy; is smaller. Since
there is no data that can be compared with calculated elastic con-
stants for Ti;GeN and Ti,SnN compounds, these values are a
reference for future investigations. Additionally, mechanical prop-
erties such as bulk modulus (B), shear modulus (G), young modulus
(E), poisson's ratio (v), vickers hardness (H,) and linear compress-
ibility coefficients («) are calculated employing the Voigt-Reuss-Hill
approximation and results are reported in Table 3 [40—42]. It has
been observed that the available results are close to those of
theoretical results [26, 28-GGA]. Bulk modulus (B), shear modulus
(G) and young modulus (E) have been computed by using the
equations noted below.

until +3 eV, the most contribution to DOS comes from 3d orbitals of B— By + Bg (2)
the Ti atom (Ti-3d) while the least contribution to DOS comes from 2
the 2p orbitals of the N atom (N-2p) and 3s orbitals of the Sn atom
- Gy +G
(Sn-3s). c=bv + Ggr (3)
2
3.2. Mechanical properties
E_ 9BG 4
The elastic constant of a crystal is defined as a measure of the " (BB+G) (4)
response of the crystal to an external stress applied to the elasticity.
Table 2
Calculated elastic constants C; (in GPa) for TiAN (A =Si, Ge and Sn).
Compounds References C11 (GPa) Cy2 (GPa) Cy3 (GPa) C33 (GPa) Cy4 (GPa)
Ti,SiN Present 280.40 110.72 128.94 347.22 155.36
[26] 298 96 127 347 153
[28-LDA] 342.1 106.7 1495 409.9 181.3
[28-GGA] 296.7 100.2 126.3 347.8 155.1
TiGeN Present 230.13 117.87 12434 283.46 119.73
TiSnN Present 220.29 85.3 80.93 251.45 7831
Table 3

Calculated bulk modulus B (in GPa), shear modulus G (in GPa), young modulus E (in GPa), machinability index up, machinability index u,,, poisson's ratio », shear anisotropic

factor A, hardness H, (in GPa) and linear compressibility coefficients « for Ti,AN (A = Si, Ge and Sn).

Compounds References B (GPa) G (GPa) E (GPa) Ip 7394 v A Hy (GPa) «
Ti,SiN Present 181.39 110.57 275.69 1.64 117 0.247 1.68 14.58 0.61
[26] 182 118 291 1.54 1.36 0.233 1.57 16.63 0.63
[28-LDA] 209.7 138.3 340.1 1.52 1.16 0.230 1.601 18.97 0.58
[28-GGA] 181.9 117.8 290.7 1.54 1.17 0.234 1.583 16.58 0.65
Ti,GeN Present 163.14 79.52 205.21 2.05 1.36 0.290 1.81 8.16 0.62
Ti,SnN Present 131.65 74.24 187.47 1.77 1.68 0.263 1.01 9.71 0.84
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In these equations, the subscripts V and R represent Voigt and
Reuss's boundary values, respectively. Bulk modulus (B) is defined
as a measure of the energy required to produce a deformation. The
bulk modulus of Ti,SiN, Ti,GeN and Ti,SnN compounds are found
to be 181.39 GPa, 163.14 GPa, and 131.65 GPa, respectively. When
bulk modulus of these alloys are compared, it is observed that there
is a following correlation; Ti;SiN > Ti,GeN > Ti;SnN. In other words,
bulk modulus of Ti;AN compounds decrease as A atom goes from Si
to Sn, which is plainly seen from Table 3. G is known as a material
resistance to shape change. Similarly, the shear modulus (G) dem-
onstrates the above sequence for TiAN (A = Si, Ge and Sn) com-
pounds. The young's modulus (E) is an important measure of
hardness, and the larger the E value, the harder the material is.
When the shear and young modulus of Ti;SiN compound are
compared, it is seen that both E and G are smaller than those of
previous results. Hardness ordering of materials according to young
modulus value for TiAN (A = Si, Ge and Sn) is given as E (Ti»SiN) > E
(Ti,GeN) > E (TiSnN).

Ductility (1p) and machinability (u,) index for Ti,AN (A = Si, Ge
and Sn) compounds are given in Table 3 together with the present
results. The ratio of up = B/G proposed by Pugh [43] is accepted as a
measure of ductility or brittleness of a material. If up is smaller than
1.75, the material behaves in nature a brittle manner; or else, the
material behaves a ductile manner. It is openly seen from Table 3
that Ti,SiN is brittle whereas Ti;GeN and Ti,SnN are ductile.
Machinability index (u;) was presented by Sun et al. [44], which is
defined as u); = B/Cy4. As can be seen from Table 3, the material
with the biggest machinability index is Ti;SnN (¢, = 1.68). On the
other hand, the value of the machinability index is found to be 1.17,
1.36 for Ti,SiN and Ti,GeN, respectively.

Besides, poisson's ratio (v), shear anisotropic factor (A), hardness
(Hy) and linear compressibility coefficients («) are computed with
the equations noted below and listed in Table 3.

B (5)

~2|B+1G
4C44
A= 6
(€1 + C33 — 2C13) ©
0.585
Hy = 2<k2c;) —3;(k=G/B) (7)
_ke G+ G —2G3 8)

kq (33 — Ci3

The poisson's ratio () is an indication of the degree of covalent
bonding. The value of » is close to 0.1 for covalent materials and 0.25
for ionic materials. The calculated poisson's ratios of Ti,SiN, Ti,GeN
and Ti;SnN compounds are 0.247, 0.290 and 0.263, successively as
seen in Table 3. As the poisson's ratio values are around 0.25, it can
be said that the ionic character is predominant in all compounds.

The shear anisotropic factor (A) may give information as regards
isotropic or anisotropic property of a solid and for a hexagonal
crystal. If the material is elastically isotropic, the value of the
anisotropy factor is 1, otherwise it is different from 1 and the ma-
terial is anisotropic. In this study, the calculated shear anisotropic
factors for TiySiN, Ti,GeN and TioSnN compounds are found to be
1.68, 1.81 and 1.01, successively as given in Table 3. For this reason,
Ti>SiN and Ti,GeN compounds is elastically anisotropic while
Ti,SnN compound has isotropic characteristic.

The another significant mechanical feature of a crystalline solid
is vickers hardness (Hv) that may be calculated from a semi-
empirical technique [45] as seen in Eq. (7). As seen in Table 3,

Ti;SiN has the highest hardness (14.58 GPa), whereas TiGeN has
the smallest hardness (8.16 GPa).

Finally, the linear compressibility coefficients of Ti, AN (A =Si,
Ge and Sn) compounds in hexagonal structure are calculated from
Eq. (8). The estimated linear compressibility coefficients for Ti,SiN,
Ti»GeN and TiSnN compounds are 0.61, 0.62 and 0.84, successively
as given in Table 3. The obtained « values show that, along the a-
axis the compressibilities of Ti,AN (A = Si, Ge and Sn) compounds
are bigger than that along the c-axis.

The estimated values of poisson's ratio (v), shear anisotropic
factor (A), hardness (H,) and linear compressibility coefficients («)
for the Ti,SiN compound are quite consistent with previous theo-
retical studies [26,28].

Debye temperature (fp) is a basic physical property. It is used to
distinguish high and low temperature regions of solids. We have
obtained the Debye temperature for TiAN (A=Si, Ge and Sn)
compounds using the following equation [46],

h[3n1/3
(9[) = ka {747TV,J Um (9)

where h is Plank's constant, kg Boltzmann's constant, n number of
atoms in the molecule, V,; the atomic volume and v, averaged
sound velocity. The average sound velocity in the polycrystalline
material is given by Ref. [47],

~1/3
12 1
e o

where v; and v; are the longitudinal and the transverse sound ve-
locity and are calculated in the following expressions of the bulk
modulus (B) and shear modulus (G) [48],

/38+4G and v, — \[ (1)

The calculated density (p in g.cm~3), the longitudinal, transverse
and average sound velocity (v, Vi, Vm; in m.s~') and the Debye
temperatures (fp) for Ti;AN (A= Si, Ge and Sn) are presented in
Table 4. The calculated density (p) values of Ti,AN (A = Si, Ge and
Sn) compounds show the sequence of p(TiySiN)< p(Tip-
GeN) < p(TizSnN) depending on the displacement of the A atom.
The density (p) according to this sequence is reduced by the in-
crease of the ionic radius of A atom, which is an expected result. The
calculated Debye temperatures (fp) of these three compounds
indicate the (TiySiN)> (Ti,GeN) > (TioSnN) order. These results
show that the Debye temperature decreases when going from
TiSiN to Ti;SnN. Unluckily, there is no data available concerned
about these properties in the literature for TiAN (A =Si, Ge and
Sn).

3.3. Lattice dynamical and thermodynamic properties

Vibrations with low frequency corresponds to sound while

Table 4
The calculated density (p in kg.m ), the longitudinal, transverse and average sound
velocity (vj, V¢, Vim; in m.s~') and the Debye temperatures (fp) for Ti,AN (A = Si, Ge
and Sn).

Compounds  References p vi(m/s) ve(m/s) vp(m/s) Op(K)
Ti,SiN Present 4620 8436 4892 5429 716.4
Ti,GeN Present 5840 6788 3689 4116 543.1
Ti;SnN Present 6450 5979 3392 3772 479.5
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vibrations with higher frequencies correspond to heat. At each
frequency, quantum mechanics principles dictate that the vibra-
tional energy must be a multiple of a basic amount of energy, called
a quantum, that is proportional to the frequency. These basic levels
of energy are called phonons in physics. Since there are 8 atoms in
the primitive cell of MAX phase compounds in the hexagonal
structure, there are 24 phonon branches in total, 3 of which are
optical and 9 of which are optic. The coordinates of the special
points of the BZ for hexagonal structure are I" (0, 0, 0); A (0, 0,1/2);
K (2/3,1/3,0); H(2/3,1/3,1/2); M (1/2,0, 0); L(1/2, 0, 1/2).

The calculated phonon dispersion curves and relevant partial
and total density of states (DOS) in the absence of pressure for
TiySiN, TioGeN and Ti;SnN compounds are given in Fig. 4(a)-(b)-(c),
respectively. The lack of negative frequency values in the calculated
phonon dispersion curves indicate that Ti,SiN and Ti;GeN com-
pounds are dynamically stable. On the other hand, it has been
clearly seen that the calculated phonon dispersion curve at 0 GPa of
Ti,SnN compound display softening behavior at I" point as seen in
Fig. 4 (c). Hence, Ti,SnN compound is dynamically unstable. The
calculated phonon dispersion curve under the pressure 0.1 GPa for
Ti;SnN is presented Fig. 4 (d). As seen in Fig. 4 (d), since there are no
negative frequencies for Ti,SnN, the material can be considered
dynamically stable. This study is a reference, since there is no
experimental or theoretical data available to compare these values.

As seen from the phonon dispersion curves of Ti;AN com-
pounds, there is a gap between the optical-optical phonon modes.
This gap is due to the difference in mass between Ti, A and N atoms.
From the total phonon dispersion curves of Ti,AN (A = Si, Ge and
Sn) compounds, these gap values were measured as 3.30, 4.48,
4.61 THz, respectively.

In Fig. 4 (a), for the TiySiN case, between 16 THz and 18 THz
frequency range the majority of the phonon density of states (DOS)
comes from N atom. Between 6THz and 13.5THz the most
contribution to phonon DOS comes from Ti and Si atoms. On the
other hand, between 4.5 THz and 6 THz range the majority oft he
phonon DOS contribution comes from Si atom. However between
1.5 THz and 4.5 THz frequency range the most contribution comes
from Ti atom.

In Fig. 4 (b), for the Ti>GeN case, between 15 THz and 18 THz the
majority of the phonon DOS comes from N atom while the minority
of the contribution comes from Ti atom. Between 6THz and
11.6 THz frequency range the most contribution to phonon DOS
comes from Ti atom. Between 1.5 THz and 6 THz frequency range
the major contribution to phonon DOS comes from Ge atom.

In Fig. 4 (c), for the Ti,SnN case, between 14.8 THz and 18 THz,
the most contribution to phonon DOS comes from N atom while the
least contribution comes from Ti atom. Between 4.5 THz and 9 THz
frequency range the major contribution to phonon DOS comes from
Ti atom. However in the 0—4.5THz frequency range the most
contribution to phonon DOS comes from Sn atom.

For the Ti;AN (A =Si, Ge and Sn) compounds in the hexagonal
structure, the vibration modes of thephonons at I" point at k=0
are classified by the irreducible notation of the point group P63/
mmc (No. 194). According to group theory, the symmetry of the
modes of these point groups given as,

I'(P63/mmc) = 3Eqy + 3Agy + 2Epy + 2Epg + 2Byy + 2B1g + Aqg
+Eqg

(12)

and the frequencies and symmetries of the modes of vibration

calculated at I" point of all compounds are cited in Table 5. At the I"
point, E1y, Ay, modes are infrared active, Ajg, E1g and Eyz modes are

Table 5

Calculated phonon frequencies (THz) at T" point of Ti, AN (A = Si, Ge and Sn).
Symmetry Ti,SiN Ti,GeN Ti,SnN
Eou 4.377 3.503 3.521
Exg (R) 5.627 2.818 1.909
Bou 6.188 5.232 4.178
Equ (I) 7.118 3.982 3.232
Eig (R) 7.252 6.481 6.784
Ezg (R) 7.681 6.389 6.812
Big 8.213 5.439 3.922
Aig (R) 11.288 9.815 8.314
Aoy () 12.400 8.200 6.234
Big 12.686 10.792 8.758
Boy 16.843 15.816 14.841
Aoy () 16.917 15.823 15.020
Eou 16.956 17.126 17.042
Equ (I) 17.081 17.213 17.109

raman active and Ej,, By and Bz modes are inactive. No compar-
ison has been made since there is no study in the literature con-
cerning the phonon frequencies of Ti; AN (A=Si, Ge and Sn)
compounds.

The obtained phonon dispersion results may be used to figure
out temperature dependent thermodynamic properties, such as
internal energy, entropy, free energy, and heat capacity. In the
harmonic approach, the expressions of internal energy (E), free
energy (F), entropy (S) and heat capacity (C,) depending on the
temperature with the help of phonons for each unit cell were
calculated using the following equations [21].

E—%r/oog(w)(hw)coth(%)dw (13)
0
F= rkBTO/g(w)ln 2 sinh %} dw (14)
S—rkBO/g( ){(%) {c th(m)—l ln[l
—exp(%)}}dw (15)
oo hw
i el

For the current study, thermodynamic properties such as spe-
cific heat, entropy, free energy and internal energy as a function of
temperature are given in Fig. 5. In Fig. 5 (a), from the specific heat
temperature relation for TiAN (A = Si, Ge and Sn), it is clearly seen
that at T < 200 K specific heat increases rapidly while for T > 200 K
the increase slows down. The obtained results show that specific
heat values converge to Dulong-Petit limit [49] at high tempera-
ture. In Fig. 5 (b) entropy temperature relation is given for Ti,AN
(A=Si, Ge and Sn). At low temperatures, the difference between
Ti,SiN, TioGe and Ti»SnN is small. But as the temperature increases
the difference becomes high. The entropy increases as a function of
temperature for given alloys. Fig. 5 (c) is a sketch of the free energy
as a function of temperature for TiAN (A =Si, Ge and Sn). It is
clearly seen that free energy decreases while temperature
increases.
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Sn) compounds.

4. Conclusion

Density functional theory calculations within the framework of
GGA have been carried out to have detailed information about the
structural, electronic, mechanical, lattice dynamical and thermo-
dynamic properties of Ti,AN (A = Si, Ge and Sn) compounds. Elec-
tronic band structure and corresponding total and density of states
calculations revealed that these compounds are electrically
conductive. Additionally, mechanical stability of these alloys has
been analyzed through their elastic constants. It is observed that
elastic constants obey the mechanical stability criteria. Ductility
and brittleness of these compounds have been analyzed according
to Pugh and it has been viewed that TiySiN is brittle while Ti;GeN
and Ti;SnN are ductile. The obtained vickers hardness values
showed that Ti;GeN has the smallest hardness and Ti,SiN has the
highest hardness. Thermodynamic properties of these compounds
have also been studied. It is observed that specific heat values
converge to Dulong-Petit limit at high temperature. Obtained re-
sults for TiySiN are in good agreement with available theoretical
data in literature. However, Ti;GeN and Ti>SnN results should be
confirmed experimentally. Because this is the first theoretical study
about these compounds. As far as we know this is the first
comprehensive study about layered ternary nitrides TiAN (A = Si,
Ge and Sn). Thus, results obtained in this study will be a good
benchmark for future theoretical and experimental studies.
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