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We have performed first-principles density functional theory calculations
within generalized-gradient approximation to obtain the structural, mechan-
ical, electronic, and dynamic properties of Ti,,;GaN,, compounds. In order to
examine the stability of these compounds, formation enthalpies, single-crystal
elastic constants, and phonon dispersion curves were calculated. We show that
all compounds are stable, while a-Ti,GaN3 is the most stable. The density of
states calculations also demonstrate that all of the compounds are metallic.
Additionally, bonding nature and related characteristics such as Mulliken
atomic charges and bond overlap populations were investigated. Furthermore,
thermodynamic properties were calculated by means of phonon dispersion
curves. The results are compared in this work with available experimental

values and theoretical calculations.
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INTRODUCTION

The M,,,;AX,, phases (where M, A, and X are a
transition metal, A-group element, and either C or
N, respectively) have attracted considerable atten-
tion due to their promising properties which estab-
lish connections between metallic and ceramic
properties, such as high strength and stiffness at
high temperatures, resistance to oxidation and
thermal shock, good damage tolerance, good corro-
sion resistance, and good thermal and electrical
conduction.'™ Therefore, M,,,;AX,, phases are promis-
ing materials for many applications such as rotating
electrical contacts and bearings, heating elements,
nozzles, heat exchangers, and tools for depressing,
among many others.*

Several physical properties of M, ,1AX, phases
have been studied by different researchers. For
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instance, Dahlqvist et al. investigated the phase
stability of MAX (M = Sc, Ti, V, Cr, or Mn, A = Al,
and X = C or N).® They reported that a maximum
stability is reached around V as a transition metal,
while for nitrogen, the maximum stability is
reached for Ti for carbon-containing MAX phases.
In addition, Keast et al. predicted the stability of an
M, 1AX, system containing o- and f-phases for
different values of n.° Their results suggest that
TisSiC, TigSiN, and TizAIN, have the potential to be
synthesized as metastable compounds.

M,GaN (M is either Ti, V, or Cr) was investigated
systematically to identify trends for structural,
electronic, and elastic properties by Bouhemadou.”
Yang et al. performed comprehensive investigations
on the compressive and electronic properties of
TisGaN and applied high pressure to the compound
up to 1000 GPa.? On the other hand, Manoun et al.
measured the pressure dependency of the struc-
tural and mechanical properties of Gallium-con-
taining polycrystalline TioGaN and Cr,GaC as
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Fig. 1. Crystal structures of Ti,.1GaN, (n =1, 2, and 3) compounds.
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experimental MAX phases.® Shein and Ivanovskii
systematically studied the trends in structural and
electronic properties, as well as the relative stability
of a representative group of very recently discovered
materials prepared from de-intercalated MAX
phases.® Furthermore, as an important result, they
reported that M, ;AX, phases can be used as
graphene-like structures. Systematic experimental
studies of MAX-phase solid solutions to elucidate
the role of chemistry on phase stabilit%r and proper-
ties were carried out by Eklund et al.'®

Despite a large number of theoretical and exper-
imental studies devoted to the MyAX phase, to our
best knowledge, until now no other systematic
results have been reported on the mechanical,
electronic, and dynamic properties of Ti,.;GaN,
compounds. Hence, we report here the structural,
mechanical, electronic, and dynamic properties of
Ti,.1GaN,, compounds as investigated by first-prin-
ciples calculations in our study. After well-con-
verged geometry optimizations, we tested the
energetic, mechanic, and dynamic stabilities of the
compounds, and then compared the results to some
experimental data and to those of similar com-
pounds with the same structure.

CALCULATION METHOD

First-principles density functional plane wave
calculations were performed using the CASTEP
package under generalized gradient approximation
(GGA-PW91).112 To define interactions between
electrons and ion cores, norm-conserving pseudopo-
tentials were used.’®'* The wave functions were
expanded in plane waves up to a kinetic-energy cutoff
of 880 eV. The numerical integration over the Bril-
louin zone was performed using a 14 x 14 x 4,10 x
10 x 2, 14 x 14 x 2, 10 x 10 x 2 and 14 x 14 x
2 Monkhorst-Pack k-point grids for Ti,GaN,

OC-TigGaNQ, ﬁ-TigGaNQ, oc-Ti4GaN3, and B-Ti4GaN3
crystal structures, respectively.'® During the geom-
etry optimizations, there are no restrictions on lattice
parameters and atomic locations, and the structures
were relaxed using the Broyden, Fletcher, Goldfarb,
and Shannon (BFGS) method.'® The convergence
criteria are (i) 5 x 10~% eV/atom for total energy, (ii)
0.01 eV/A for maximum ionic Hellmann—Feynman
force, (iii) 5 x 10~* A for maximum ionic displace-
ment, and (iv) 0.02 GPa for maximum stress.

RESULTS AND DISCUSSION
Structural and Electronic Properties

The M,,,1AX,, phases crystallize in a hexagonal
structure (space group P63/mmc) with two formula
units per unit cell.® Crystal structures of Ti,,;GaN,,
(n =1, 2, and 3) compounds are formed by ceramic-
like strongly bonded MX atomic layers and inter-
leaved A layers (see Fig. 1). Structural optimiza-
tions were performed, including lattice parameters
and internal coordinates. The calculated lattice
parameters (a, ¢) and atomic positions are given in
Table 1.

Our results for Ti,GaN agree well with previous
theoretical and experimental reports.”® Since there
are no experimental and theoretical data for the
other compounds, the results for these compounds
are compared to those of the compounds including
A = Si and AL® The lattice parameters of a-type (f-
type) compounds are smaller (higher) than those of
the A = Ga case.

For Ti,,1GaN, compounds, formation enthalpies
were also calculated using the following common
relation:

Ti,1GaN, _ 1Ti,1GaN, Ti Ga N
Efror‘n - Etotall - [(n + 1) Esolid + Esolid + n’Esolid]
(1)
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Table I. The calculated equilibrium lattice parameters (a, and ¢ in A), atomic positions, and formation
energies (AHyin eV/atom) for Ti,.;GaN,, compounds

a c Atomic positions AH;
Ti,GaN 3.02 13.31 Ti 4f (1/3, 2/3, 0.088) Ti 4f (1/3, 2/3, 0.092)° -1.25
3.002 13.332 Ga 2d (1/3, 2/3, 3/4) Ti 4f (1/3, 2/3, 0.085)4
3.02° 13.32° N 2a(0,0,0)
2.99° 12.88°
2.994 13.64¢
#-TisGaNy 3.01 18.21 Ti; 2a (0, 0, 0) Tiy 4f (2/3, 1/3, 0.136)° —1.42
2.99¢ 17.84°¢ Tiy 4f (2/3, 1/3, 0.130) Tigy 4f (2/3, 1/3, 0.129)¢
3.00° 18.49¢ Ga 2b (0, 0, 1/4) N 4f (1/3, 2/3, 0.069)°
N 4f (1/3, 2/3, 0.069) N 4f (1/3, 2/3, 0.068)%
B-Ti;GaNy 2.99 18.47 Ti; 2a (0, 0, 0) Tiy 4f (2/3, 1/3, 0.136)° -1
2.96° 2.994 Tiy 4f (2/3, 1/3, 0.129) Tiy 4f (2/3, 1/3, 0.128)¢
2.99¢ 18.67¢ Ga 2d (2/3, 1/3, 1/4) N 4f (1/3, 2/3, 0.068)°
N 4f (1/3, 2/3, 0.068) N 4f (1/3, 2/3, 0.067)%
«-Tiy GaNs 3.00 23.22 Ti; 4e (0, 0, 0.155) Ti; 4e (0, 0, 0.160)° —~1.54
3.00° 22.58° Tiy 4£(2/3, 1/3, 0.054 Ti; 4e (0, 0, 0.154)4
3.00¢ 23.51¢ Ga 2¢ (2/3, 1/3, 1/4) Ti, 4f(2/3, 1/3, 0.055)°
N; 4a (0, 0, 0) Tiy 4£(2/3, 1/3, 0.054)¢
N, 4f (2/3, 1/3, 0.106) N, 4f (2/3, 1/3, 0.109)°
N, 4f (2/3, 1/3, 0.106)%
B-Ti ,GaN, 2.98 23.60 Ti, 4f (1/3, 2/3, 0.055) Ti, 4f (1/3, 2/3, 0.055)° —1.46
2.99° 22.87¢ Tiy 4f (2/3, 1/3, 0.657) Ti; 4f (1/3, 2/3, 0.054)2 —1.46
2.98¢ 23.60¢ Ga 2¢ (1/3, 2/3, 1/4) Ti, 4f (2/3, 1/3, 0.159)°

N; 2a (0, 0, 0)
N, 4f (2/3,1/3, 0.110)

Tiy 4f (2/3, 1/3, 0.154)2
N, 4f (2/3, 1/3, 0.107)°

N, 4f (2/3,1/3, 0.105)%

2Ref. 8 experimental "Ref. 7 GGA-PBE.°Ref. 6 data for Ga = Si.Ref. 6 data for Ga = Al.

where ET. ., ES and EY, . are calculated from
TizGaN, OC-TigGaNz, ﬁ-TigGaNQ, oc-Ti4GaN3, and ﬁ-
TisGaN3 structures, respectively. It is shown in
Table I that all compounds are energetically
stable due to the negative formation enthalpy
values, indicating that it should be possible to
synthesize the considered phases. Among the com-
pounds, a-Ti4GaNj is relatively the most stable.
The calculated partial and total density of states
(DOS) are shown in Fig. 2. It is clear that all
compounds are metallic due to the fact that the DOS
values differ from zero at the Fermi level. The most
significant contribution to DOS comes from Ti d-
states at the vicinity of the Fermi level. In addition,
the delocalized bands in the energy range from
—16 eV to —15 eV are dominated by an s orbital and
from —15 eV to —13.5 eV they are dominated by a d
orbital for all calculated compounds. Also, a strong
hybridization exists between s and p orbitals that
are from —9.5eV to —7 eV, which indicates the
presence of covalent interactions. A p orbital is
dominant from —3 eV to —2 eV while a d orbital is
dominant from —2 eV to 4 eV for all compounds.
On the other hand, DOS curves can be used to
discuss the stability of the compounds by means of
band filling theory.'”'® According to this theory; if

the numbers of bonding (anti-bonding) states
increase (decrease), the stability of the material
increases. Thus, the ratio W, (the width of the
occupied states)/W;, (the width of the bonding states)
may give information about the stability of the
material. If the value of this ratio is closer to 1.0, the
stability increases. In this study, the parameters
given in Table IT for Ti,,;GaN, suggest that
Woeo/ Wy, values are very closer to 1.0. On account
of this, the Ti,,;GaN, compounds turn out to be
stable materials.

PHONON DISPERSION CURVES

The phonon frequencies and phonon dispersion
curves of Ti,,,1GaN,, compounds were calculated using
the “finite-displacement method” in the CASTEP
package.'® Specifically, the phonon dispersion curves
were calculated along high symmetry directions using
a2 x 2x2 super cell. The obtained phonon dispersion
curves are shown in Fig. 3. The calculated phonon
frequencies in all directions and in all bands are real,
demonstrating that these compounds are dynamically
stable. Although there exist some works in the liter-
ature dedicated to these compounds, no experimental
or theoretical works exist on the lattice dynamics for
comparison with our results.
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Fig. 2. Calculated partial density of states for Ti,,1GaN, (n= 1, 2, and 3) compounds.
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Table II. The width of occupied states W, .. (eV)
and bonding states W;, (eV) for Ti,,;GaN,,
compounds

Wocc Wb Wocc/Wb
TisGaN 10.30 9.70 1.06
o-TizGaNg 10.20 9.40 1.09
p-TisGaNy 10.10 10.30 0.99
o-TisGaNg 10.25 10.23 1.00
p-TisGaNj 10.33 10.32 1.00

ELASTIC AND MECHANICAL PROPERTIES

The elastic constants (C;) provide information
about the stability and stiffness of materials, and
their first- principles calculation requires accurate
methods.?® In this study, the elastic constants are
calculated by using both the “slope technique” from
the phonon dispersion curves and the “stress—
strain” method.?’® For a stable hexagonal struc-
ture, there are five independent elastic constants C;;
(i.e. Cll, Clz, Clg, 033, and C44), and they should
satisfy the well-known Born-Huang criteria for
mechanical stability®*:

C44 > 0, CH > |Cl2|7 (Cn + 2012) C33 > 20%3 (2)

In the slope technique, the elastic modulus (C;)) is
obtained via the sound velocities (V) as derived from
the initial slope of the acoustic phonon branches along.if
specific high-symmetry and Christoffel’s equation.”
Thus, the elastic constants (Ci; = p(Via[100])?,
Cs3 = p(V1,Al001])*, Ceg = p(Vpal110L go1=)", Caa =
p(Vpal1101 go1= )%, and Cy5 contributes to the sound
velocity only for nonpure directions, where p is the
density) are calculated from the acoustic phonon
dispersion curves. The velocity of the longitudinal
acoustic (LA) phonon branches along the [100] and
[001] direction, that of the two transverse acoustic
(TA) branches along the [110] direction, and that of
the quasi longitudinal phonon branches along the
[101] direction. The sound velocities which are calcu-
lated using the acoustic phonon branches are given in
Table III.

The calculated elastic constants along with the
other theoretical values in literature are given in
Table IV.>” It is seen that the present elastic
constants of Ti,GalN are in good agreement with
the reported values.?” To the best of our knowledge,
no experimental data or theoretical calculations of
elastic constants for other phases have been
reported. It is shown from Table IV that all com-
pounds satisfy all the stability conditions (Eq. 2),
and thus, Ti,,GaN, compounds are mechanically
stable. From Table IV, it is also easily seen that o-
TisGaN3 has the largest C11, C12, and Cyy. Also, C1;
is higher than Cs3 for all considered phases, show-
ing that the incompressibility along the [1010] and
[0110] directions is stronger than that along the
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[0001] direction, implying that the bonding strength
along the [1010] and [0110] directions is stronger
than that along the [0001] direction.?®

The mechanical properties, such as bulk modu-
lus (B), Young’s modulus (E), shear modulus (G)
and Poisson’s ratio (v), which are functions of the
elastic constants, are calculated by using the
Voigt—Reuss—Hill approximation, and are listed
in Table V.?%2

The bulk modulus indicates the resistance to
fracture, while the shear modulus indicates the
resistance to plastic deformation. o-Ti,GaN3 has the
highest bulk and shear moduli. If the value of E
increases, the covalent nature of the material also
increases.?” Therefore, the covalent character of o-
TisGaNsis more dominant than that of other phases.
Furthermore, Young’s modulus provides a measure
of the stiffness of the solid.?® The highest E value
occurs for f-TiyGaN3 among the other phases,
implying that it is stiffer as compared to other
phases.

We have also predicted other mechanical prop-
erties such as brittleness and ductility, as the B/G
ratio can be used to predict the brittle or ductile
behavior of materials. According to the Pugh
criterion (B/G), a material is brittle (ductile) if
the B/G ratio is less (higher) than 1.75. The
present values of B/G for Ti,.;GaN, compounds
are less than 1.75.2° Hence, these materials will
behave in a brittle manner. The Ti;,GaN is the
most brittle in these phases with the lowest Pugh
value. Furthermore, the value of the Poisson’s
ratio is small (v =0.1) for covalent materials,
whereas a typical value of v is 0.25 for ionic
materials.?’ From Table V, it can be seen that the
calculated Poisson’s ratio values approach 0.22.
Thus, it can be expected that ionic nature of these
materials is high. However, o-TisGaNshas the
smallest Poisson’s ratio, where this implies the
covalent nature of the compound, and agrees with
the high stability and high mechanical properties
mentioned above.

Hardness is another important mechanical prop-
erty of the materials and it can be theoretically
calculated through different methods. A similar
semi-empirical method was developed by Chen
et al.3! In this method, hardness of a given material
that should be related to bulk and shear moduli can
be calculated as;

Hy = 2(k*G)*%% — 3 (3)

where k£ = G/B is Pugh’s modulus ratio. The calcu-
lated hardness values are given in Table V. Accord-
ing to Table V, these compounds are hard materials
(H,> 10 GPa) and the hardness order is f-
TigGaNz < M-TigGaNQ < T12GaN < ﬁ-Ti4GaN3 < o-
Ti4GaNs3. As an important result, the most
stable structure («-Ti4sGaN3) has the highest
hardness.
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The calculated phonon dispersion can be used to
compute energy (E), entropy (S), free energy (F),

THERMODYNAMIC PROPERTIES

and heat capacity (C,) as functions of temperature

on 0-1000 K range. The

%uantities were calculated
2,33,

by the following relations ;
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Table III. The calculated sound velocity (V in m/s) using the acoustic phonon branches for Ti,,;GaN,,

compounds
Vwa [100] Vra [100] Via [110] Vra [110]
TipGaN 7243 4409 4740 6922
a-TigGaNg 6295 3942 4001 6017
B-TisGaN, 5825 3626 3285 5699
a-TiyGaN3 6622 4044 4044 6218
p-TisGaN3 6060 3733 3327 5938
Table IV. The calculated Elastic constants (C;j, in GPa) for Ti,.;GaN,, compounds
Cn Ci2 Ci3 Cs3 Cu
TigGaN
Present (stress—strain) 299.90 77.28 91.83 275.80 126.22
Present (slope technique) 297.41 77.00 115.57 271.64 127.34
Theory 2974 83% 912 273 1192
Theory® 296° 84P 92P 275P 119°
-T13GaN2
Present (stress—strain) 337.49 82.80 123.64 308.25 133.98
Present (slope technique) 336.43 72.50 122.93 307.34 135.90
B-TizGaNy
Present (stress—strain) 344.21 91.85 99.73 334.66 110.46
Present (slope technique) 342.74 77.06 100.70 328.08 109.04
oc-Ti4GaN3
Present (stress—strain) 401.37 103.38 108.72 357.78 154.70
Present (slope technique) 399.95 101.62 131.20 352.59 149.13
p-TisGaNj
Present (stress—strain) 400.00 100.49 101.01 389.62 117.96
Present (slope technique) 398.14 96.08 110.84 382.21 119.96

2Ref. 2.°Ref. 7.

Table V. The calculated bulk modulus (B, in GPa), Shear Modulus (G, in GPa), Young’s modulus (E in GPa),
Poisson’s ratio (v), and Hardness (H,, in GPa) for Ti,,,;GaN,, compounds

B G E BIG v Hy
TiyGaN 155.25 113.04 272.90 1.37 0.21 18.93
1552 109? 2662 1.422 0.212
156° 108P 264 1.44° 0.22°
4-TizGaNy 182.57 121.25 297.82 1.51 0.23 17.51
B-TisGaN, 178.44 118.02 290.10 1.51 0.23 17.09
4-Ti,GaN; 200.03 147.34 354.90 1.36 0.20 22.95
B-Ti,GaNs 199.38 135.41 331.23 1.47 0.22 19.46
aRef. 2.PRef. 6.
E(T) = Eys + Epp + /h—w w)dw  (4) hw
= Lyt zp exp(%’,) ) F(T)=E; +Ezp+kT/F(w)ln [1—exp(—k—T)}dw
h
S(T) = & / — M P(w)dw (6)
exp(y) — 1
® o)’ exp )
/F 1—exp huw dw k/ Ty 2L @)W (7)
kT exp(3) — 1]
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Fig. 4. Calculated thermodynamic properties of Ti,,1GaN, (n= 1, 2, and 3) compounds.

where E,, is the zero-point energy, k is the Boltz-
mann’s constant, £ is the Planck’s constant and F(w)
is the phonon density of states. All energy-related
properties including the enthalpy, entropy, and free
energy for Ti,,;GaN, are plotted in Fig. 4a—c,
respectively. In an ensemble where the sample
volume and temperature are independent variables,
the relevant potential is the Helmholtz free energy,
F = E-T.S. So, the entropy is presented as a T.S
product to allow comparison with the enthalpy and
Helmholtz free energy.

Above 200 K, the free energy decreases gradually
with increasing temperature and the value of the
entropy, which is multiplied by the temperature,
increases rapidly as the temperature increases,
resulting in an almost linear relationship between
enthalpy and temperature. The rate of change of
entropy, enthalpy, and free energy with increasing
temperature can be sorted from the highest to
lowest as f-TiyGaNjs, o-TiyGaN3, o-TizGaNs, f-
TisGaNs, TioGaN, respectively.

From Fig. 4d, C, increases rapidly with temper-
ature below 400 K, whereas the increase is slower
above 400 K. In addition, the heat capacity
approaches a constant known as the Dulong—Petit
limit at higher temperatures.

CONCLUSIONS

First-principles calculations were performed to
investigate the structural, electronic, mechanical,
and dynamic properties of Ti,,;GaN, compounds,
among which o-TiGaN3; was found to be energeti-
cally the most stable. The calculated elastic con-
stants showed that these compounds are mechan-
ically stable. The polycrystalline elastic parameters
have been further calculated within the scheme of
Voigt—Reuss—-Hill (VRH) approximation. These
phases are brittle in nature with respect to the B/
G and hard materials. The computed density of
states of Ti,,1GaN, compounds reveals a metallic
character. Phonon calculations confirm the dynam-
ical stability of the studied phases. We believe that
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our results can serve as a prediction for future
investigations.
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