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Abstract: An investigation on the structure transformation, elastic and thermodynamic properties of TiN
under high pressure is conducted using first-principles calculations based on density functional theory (DFT)
with the plane wave basis set. At elevated pressures TiN is predicted to undergo a structural phase transition
from a relatively open NaCl-type (B1) structure into a denser CsCl-type (B2) structure. The predicted transi-
tion pressure is 348 GPa. The elastic constants, Debye temperature, and heat capacity each as a function of

pressure and/or temperature of TiN are presented.
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1 Introduction

The transition metal nitrides have attracted considerable attention during the past four decades
due to their interesting combination of mechanical, electrical, and chemical properties. These lead to
their wider and wider application as hard coatings and thin films for electronic devices. In particular,
their high activation energy against electromigration, coupled with superior electrical conductivity,high
melting point, and excellent chemical stability has made these “refractory hard metals” extensively
used for semiconductor and photovoltaic technology,and desirable candidates for new materials in elec-

tronic devices™ ™,

{." studied the electronic structure and properties of d- and f-shell-metal com-

Harrison et a
pounds with the rocksalt structure. Their results show that the simplest systems with 8 valence elec-
trons per atom pair are almost insulating;and for the system with 9-12 valence electrons, the excess

electrons occupy nonbonding bands making the compound metallic. Ahuja ez al.'™ studied the struc-

x» Received date: 2011-01-19; Revised date: 2011-07-04
Foundation Item: National Natural Science Foundation of China (50771090,50821001)
Author Biography: HAO Ai-Min (1964 —) .male,Ph. D. . professor,major in high-pressure physics.

E-mail:aiminhao1991 @ yahoo. com. cn



396 = H L] il 2 Eird %26 &

tural and elastic properties of TiC,TiN,and TiO by means of accurate first-principles total-energy cal-
culations using the full potential linear muffin-tin orbital method.

First-principles calculations using the full-potential linearized augmented plane wave method are
performed to investigate the bulk electronic and physical properties of a series of early transition metal

mononitrides in the rocksalt structure®.

Lazar et al. reported the materials properties of VN/TiN
mutilayers focusing on the elastic and mechanical properties of the interface. Modeling of the mechani-
cal properties was done in terms of brittle cleavage by calculating cleavage energies and critical stresses

.M studied the equation of state,elec-

for the bulk phases as well as the multilayer system. Che et a
tronic and phonon band structure of TiN under high pressure using the pseudopotential plane-wave
method and linear response theory within the density functional theory.

As stated above, different theoretical calculations of TiN bulk electronic, elastic properties have
been compared and discussed extensively. To date,there are only a few reports in literatures about the
pressure-induced structural transition of TiN and no study on the thermodynamic properties of TiN.
Therefore,there is a need to investigate the elastic and thermodynamic properties of TiN under simula-

ted extreme working conditions.
2 Computational Details and Theory

2.1 Computational Details

Our first-principles calculations are performed with the CASTEP code in MS modeling based on
the plane wave basis set''" , the ultrasoft pseudopotential for electron-ion interaction,and the exchange
correlation potential of Perdew et al.™ in the generalized gradient approximation (GGA) for electron-
electron interaction. The typical configurations are 3s*3p°3d*4s” and 2s*3p° for Ti and N, respectively.
Integrations in the Brillouin zone are performed using special £ points generated with 14 X14 X 14 for
NaCl-type (B1) and CsCl-type (B2) structures,which make the separation of reciprocal space be less
than 0.2 nm '. One-electron valence states are expanded on a basis of plane waves with a cutoff energy
of 700 eV in the electronic property calculations. Such parameters have been tested to be sufficient for
convergence (<10 * eV). During the structure optimization,the total energy is minimized by varying
cell parameters and atomic positions under the restriction of the given symmetry. In the geometrical
optimization,all forces on atoms are converged to less than 0. 01 eV/nm,and the total stress tensor is
reduced to the order of 0. 005 GPa by using the finite basis-set corrections'*.
2.2 Elastic Properties

The elastic constants are defined by means of a Taylor expansion of the total energy E(V,8) for
the system with respect to a small strain § of the lattice primitive cell volume V. The energy of a

strained system is expressed as™"

E(V.8) = E(V,,0) +V, (Zf;s,-a,- + %Zc,ja,s,aje,) (D

where E(V,,0) is the energy of the unstrained system with equilibrium volume V ,z; is an element in
the stress tensor,& and &; are factors of Voigt index.
2.3 Thermodynamic Properties
In order to obtain the thermodynamic properties of VN, the quasi-harmonic Debye model-'™ is
introduced,in which the non-equilibrium Gibbs function G* (V,p,T) takes as
G (V,p,T) =EWV) 4+ pV+A,[0,(V),T] (2)
here E(V) is the total energy per unit cell,®, (V) is the Debye temperature, p is pressure, T is tem-
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perature,and the vibrational Helmholtz free energy A., (@p,T) can be written as'"
L 2 @I) . 7@),“]‘ . @D
Avib(@D,T)—nKT[8 7 T8l —e®™) —D| = ] (3)

where D(@,/T) represents Debye integral,n is the number of atoms per formula unit,% is Boltzmann

constant. For an isotropic solid,®;, is expressed as

1/2
O, = %(67(2‘/1'/277)1"’3](‘(0‘) ( I]fj ) (4)

here M is the molecular mass per formula unit, Bs is the adiabatic bulk modulus, which can be approxi-

mated by the static compressibility, namely

Bs ~ B(V) = V(%) (5)
and f (o) is given as-'"™
) o é 1"_(7 3/2 i 1+O' 3/2 _—1,1/3
f<0—>_{3[2(3—1_6) *(371—(;] ] } (6)

where ¢ is Poisson ratio. Therefore, the non-equilibrium Gibbs function G* (V, p,T) as a function of

(V,p,T) can be minimized with respect to volume V as

IG" V,p,T) _
(26 WpD) _, %

By solving Eq. (7) ,we can obtain the thermal equation of state V(p,T). The isothermal bulk modulus

1s given as

d* ! s P
Br(p.T) =[SOS (®)
P
The heat capacity at constant volume Cy is taken as
Cy :3nk[4D(@D/T)_] D)

3 Results and Discussion

3.1 Structural Properties

The total energy as a function of volume is calculated to determine the equilibrium volume and
bulk modulus by parabolic fitting to a third-order Birch-Murnaghan equation of state''*!, The calculat-
ed equilibrium lattice constant and bulk modulus of TiN in Bl and B2 structures are illustrated in
Table 1. It can be clearly seen that the calculated structural parameters are in agreement with experi-

[19]

mental results’! and other theoretical investigations''****"J, For bulk modulus of TiN-B1,the results

are consistent with previous theoretical results/®?2!,

Table 1 Calculated equilibrium lattice constant (a, ), energy gap (E,)

and bulk modulus (B) of TiN, together with previous results

Structure a,/(nm) E,/(eV) B/(GPa) B’
TiN-Bl  0.4246,0.425"%,0. 426 011 ,0. 424 022 ,0. 425 321 0 277,263°7,320M1°7, 3057, 280110 4, 12,4, 11
TiN-B2 0.2636 0 244 4,13

Our computational approach is based on constant-pressure static quantum mechanical calculations

at T=0 K,so the relative stability of different structures can be deduced from the pressure dependence

[22]

of the enthalpy instead of the Gibbs free energy **". The calculation suggests that there exists a transi-

tion from Bl to B2 structure, which is a second-order phase transition. The pressure corresponding to
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AH= Hy, — Hp, approaching zero is the transition

pressure, as shown in Fig. 1. The calculated transition

pressure and volume collapse are 348 GPa and 6. 5%, %
respectively. ié
3.2 Elastic Properties E
The elastic constants of solids provide a link %E
between the mechanical and dynamics,and provide &
important information concerning the nature of the 0 100 200 300 400
p/(GPa)

forces operating in solids. In particular, they offer
information on the stability and stiffness of materi-  gjg 1 Calculated enthalpies for the B2 phase of TiN
als. The total energy of the system depends on vol- relative to that of the Bl phase as a function of pressure
ume more strongly than on strain. In this work, the
volume contribution to total energy can be eliminated using volume conserving strains. The systems
are fully relaxed after each distortion in order to reach the equilibrium state with approximately zero
forces on all atoms*,

The elastic constants of TiN in Bl and B2 structures at ambient pressure are tabulated in Table 2.
For Bl structure,our results are in reasonable agreement with experimental results*’ and other theo-
retical investigations™. The traditional mechanical stability conditions of the elastic constants in cubic
crystal are C;, —C,,>0,C,,>0,C,,>0,C,, +2C,, >0,C,,<<B<C,,. For TiN-B1, the elastic constants
satisfy these stability conditions, indicating that the Bl structure is a mechanically stable phase at

ambient pressure. For TiN-B2 structure, since there is no other report on the elastic constants up to

now,we could not compare our results with other results.

Table 2 The elastic constants and Poisson ratio o of TiN at ambient pressure

Structure Cn Cis Cy c
TiN-B1 585,585,625 123,137, 165024 152,165,634 0.23
TiN-B2 636 64 14 0. 37

We further investigate the high-pressure elas-

tic behavior of TiN-Bl, by computing the second- 5000
order elastic constants (SOECs) and their varia- L 600
tions with pressure,as shown in Fig. 2. It is noticed g
. . . o 1200
that C,, and C,; increase linearly with pressure. C, <
. .. © 800
is more sensitive to the change of pressure com-
pared to C;,. The bulk modulus B increases gradu- 400
. . . . . (1] N S S

ally with pressure,indicating it becomes more and 0 20 80 120 160 200
more difficult to be compressed with increasing p/(GPa)
pressure. Fig. 2 The elastic constants as

A simple relationship, which empirically con- a function of pressure of TiN-Bl

nects the plastic properties of materials with their

elastic moduli,was proposed by Pugh™®!. The shear modulus G represents the resistance to plastic
deformation,while B represents the resistance to fracture’®. A high B/G ratio is associated with duc-
tility, whereas a low value corresponds to the brittle nature. The critical value which separates ductile

and brittle material is 1. 75;1. e. ,if B/G>>1. 75, the material behaves in a ductile;otherwise the materi-
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al behaves in a brittle manner. Our results show that B/G is 1. 54 for TiN-Bl at ambient conditions,
classifying it into being brittle.

The elastic anisotropy of crystal has an important implication in engineering science since it is
highly correlated with the possibility to induce microcracks in materials®™, The anisotropy factor A=
(2C,, +C,,)/Cy, has been evaluated to provide insight on the elastic anisotropy. For an isotropic crystal
A equals 1,while any value smaller or larger than 1 indicates anisotropy. The magnitude of a deviation
from 1 is a measure of the degree of elastic anisotropy possessed by the crystal. For TiN-B1,A equals
0. 73,indicating that it cannot be regarded as elastically isotropic due to the A values smaller than 1. 0.
3.3 Thermodynamic Properties

The pressure and temperature dependence of the isothermal bulk modulus for TiN-B1 is shown in
Fig. 3. It demonstrates that the dramatic volume variation leads to the rapid decrease in the isothermal
bulk modulus. These results indicate that B increases with p at a given temperature and decreases with
T at a given pressure. It shows the fact that the effect of increasing pressure on TiN is the same as that
of decreasing temperature. However, the effect of temperature on the bulk modulus is less important
than that of pressure.

The pressure and temperature dependence of Debye temperature for TiN-B1 is shown in Fig. 4. It
demonstrates that the dramatic volume variation leads to the rapid decrease in Debye temperature.
These results indicate that the Debye temperature increases with p at a given temperature and decrea-

ses with T at a given pressure.

16005 1600
900L—=— 0K Addddasrsasrsnaaa] 900 L TN
[~ 300K —— 0GPa ] 1500F —— 300K —=— 0GPa 11500
800F—— 1000 K —— 90 GPa 1800 —— 1000K —— 90 GPa
L —— 180 GPa ] 1400 —a— 180 GPa 11 400
- 00r 1700 _ 1300} ceeterecsnencas 300 _
A F Maaas 2 20 S SONUPPR < X X
g ooop 1600 <} < 1200t 11200 X
Q5000 1500 & © Lioof oo ©
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Fig. 3 Pressure and temperature dependence of Fig. 4 Pressure and temperature dependence of
bulk modulus of TiN-B1 Debye temperature of TiN-Bl

The other thermodynamic parameter, heat ca-

pacity ,is also very important. Through heat capaci- gspDuonpettiimt
ty Cy» we can obtain the information about lattice = 20r - 0GPa

M —— 90 GPa
vibrations,energy band structure, density of state, < 15¢ —— 180 GPa
transition of phase of the solid, etc. In Fig. 5, the § 10+
variation curves of the heat capacity of TiN-Bl S st
with temperature and pressure are presented. At of
sufficiently low temperatures (T <50 K), Cy is 0 600 1200 1800
proportional to T®. The density of states of the a- R
coustic phonons at low phonon frequencies influ- Fig.5 The heat capacity of TiN-Bl at various

ences the low-temperature behavior of the lattice pressures and temperatures
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specific heat. Debye’s T° law, which is due to the long-wavelength acoustic phonons,should be valid in
this temperature region. At higher temperatures this contribution to the lattice specific heat increases
exponentially with temperature in a manner similar to the Einstein model. These curves show that Cy

has a quantum behavior at low temperatures and a classical behavior at high temperatures.

4 Conclusions

The structure transformation,elastic and thermodynamic properties of TiN are studied using first-
principles calculations. The calculated structural and elastic parameters agree well with the available
experimental results and the previous theoretical data. It is predicted that the Bl to B2 transition pres-
sure of TiN is 348 GPa. The fundamental physical properties,such as elastic constants,Debye tempera-
ture,and heat capacity as a function of pressure and/or temperature of TiN are also presented and dis-

cussed.
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