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First-principles calculations of the lattice constants, bulk modulus, pressure derivatives of the bulk modulus and elastic
constants of AIN and TiN compounds in rock-salt (B1) and wurtzite (B4) structures are presented. We have used the full-
potential linearized augmented plane wave (FP-LAPW) method within the density functional theory (DFT) in the generalized
gradient approximation (GGA) for the exchange-correlation functional. Moreover, the elastic properties of cubic TiN and
hexagonal AIN, including elastic constants, bulk and shear moduli are determined and compared with previous experimental
and theoretical data. Our results show that the structural transition at 0 K from wurtzite to rock-salt phase occurs at 10 GPa and
—26 GPa for AIN and TiN, respectively. These results are consistent with those of other studies found in the literature.
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1. Introduction. semiconductor with a wide band gap (6.2 eV) [5—
12]. It is a refractory material and an electrical
insulator having a high thermal conductivity and
high resistance to oxidation and abrasion. It crystal-
lizes in the wurtzite structure which has a hexago-
nal symmetry, belonging to space group (P63mc).
AIN has potential applications in optoelectronics
within ultraviolet range, as a substrate for epitax-
ial growth, and power electronics for the manufac-
ture of microwave power transistors [13, 14]. The
present work is devoted to the study of the struc-
tural and elastic properties of TiN and AIN having
rock-salt and wurtzite structures, respectively. It is
also devoted to the study of the transition pressures
of the structures of these materials. We have used
the full-potential linearized augmented plane wave
*E-mail: Ittnsameri @yahoo.fr (FP-LAPW) within the density functional theory

In general, a nitride is a chemical combination
of nitrogen with other element, often with a metal.
Titanium nitride (TiN) ceramic coating, deposited
by a process of physical vapor deposition (PVD),
has a golden color and a gap near zero. It crys-
tallizes in the face-centered cubic (fcc) rock-salt
type structure. Its space group is Fm3m (225) with
a lattice parameter a = 0.4241 nm [1]. The TiN
coatings are widely used to improve the lifetime
and performance of cutting tools or friction [2].
High hardness combined with low friction make
the coating extremely cost effective in reducing
general wear [3, 4]. Aluminum nitride (AIN) is a
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(DFT) and realized by the generalized gradient ap- by the following matrix:
proximation (GGA) [15-18]. 30 0
2
. E={0 50 (3)
2. Calculation method 00 9%
(4-6%)

First-principles calculations were performed
by WIEN2k [19]. Ryr Kuyax = 9 was used to
determine the matrix size (convergence), where
Kpyax 1s the plane wave cut-off and Ry is the
smallest of all atomic sphere radii; Ry for Ti,
Al and N were chosen equal to 1.80, 1.80 and
1.60 a.u., respectively. The exchange-correction
functional was depicted by the GGA of Perdew-
Burke-Ernzerhof (PBE) [15, 16]. The energy con-
vergence criterion for electronic self-consistency
was 10™* eV per unit cell. The k-point meshes cho-
sen in the present calculations were 72 and 84 for
rock-salt and wurtzite structures of both TiN and
AIN. In our calculations, we treated the states Ti
(1522523522 p%3p%), Al (15°25%2p®) and N (1s?) as
core states, and the states Ti (3d%4s?%), Al (3523 pl)
and N (2s22p?) as valence states.

To calculate the elastic constants, we have used
two different methods, Mehl method, [20] for the
cubic system and the method developed by Shang
et al. [21], for the hexagonal system, with deforma-
tion & = 0.01. Materials with cubic symmetry have
only three independent elastic moduli Cyy, C1» and
Cy4. These moduli were evaluated by calculating
the total energy for a perturbed system. To calculate
the coefficients C;; and Cy,, a volume-conserving
orthorhombic strain tensor was applied, given by
the following expression:

60 0
-3 0
2

)
0 5y

=10 (1)
0

The total energy has the following form:

E(8) = E(=8) = E(0) + (C11 — C12)Vo5? + 0[8%]
)

From the formula of the bulk modulus B,
B = (C11 +2C)7)/3 and the value of C; — Cjp we
can determine the constants Cj; and Cy,.

To calculate the elastic modulus Cy4, 2 mono-
clinic deformation tensor retained volume is given

The total energy is then expressed as a function of
deformation by:

E(8) = E(—8) = E(0) + %C44V052 108 ()

For crystals of hexagonal symmetry, the tensor of
elastic constants is simplified by symmetry. The
explanation and the results of these simplifications
are given in Ref. [22] and take the following form:

Ci Cp Cz30 0 O
CoChi Cz3 0 0 O
C3C3C30 0 O

=10 0 o Cu 0 0 )
0 0 0 0 Cuo
0 0 0 0 0 Cg
Ces = % (©6)

For a hexagonal system, we imposed a deforma-
tion to the crystal and studied its response (stress
and energy). Several different deformations must
be fully applied to calculate the tensor of elastic
constants.

2.1. Deformation by expansion (symmetry
of the crystal unchanged):

X1 =x1(1+0)
Xo=x2(1+6)
X3 :x3(1—|—6)
E: 935‘/062
1) (Cli+Ci12+C3)0
b (C11+Ci12+C13) 6
. 1) . (2C13+C33) 0
e=,179=1,
0 0
0 0
(N
with
By = 2C11 +2C12 +4C13+C33 )

9
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2.2. Deformation by elongation along x-y
(symmetry of the crystal unchanged):

X =x1(140)
Xo=x2(140)
X3 =x3

E =Vy(C11 +Cr2) 82

0 (C11+Cr12)6 9)
0 (C11+C2)0

0 2C136
0

0

0

—o=|

0
0

2.3. Deformation by elongation along
z (symmetry of the crystal unchanged):

X1 =x

Xo =xo

X3 =x3(140)

-t
0 Ci36 (10)
0 C135

| | G336

e=lo 2=,
0 0
0 0

2.4. Deformation by elongation along
X (the crystal becomes monoclinic):

X1 =x1(1+9)
X2:x2
X3 =x3
é Ci110
0 C120
E=Y%1§  ¢= 8 — 0= OCBS
0 0
0 0

(1)

2.5. Shear deformation (the crystal is
triclinic):

X1 =x1+6x3
Xo =x+6x3
X3 :)C3+5(X1 —ch)
0 0
0 0
E=4V0C4462 €= 25 — 0 = gC445
26 2C446
0 0

(12)

The values of Cj; and Cy3 have been obtained
from the value of Ci; + Cj» and the formula of
the bulk modulus B, B = 201 +2G, 2; 4C13+Cx , respec-

tively. To calculate Cgg, we have used the formula
_Cu—-Cp
Coo = =512

The elastic quantities such as, the shear modu-
lus G, the Young modulus E, and the Poisson’s ra-
tio v, were derived from our calculated elastic con-
stants for both cubic and hexagonal crystals, using
the following equations [23-25]:

Ch—-C 3C.
Gubic = —= 152+ M (13)
M+ 12Cy4 + 12C,
GHexagonal = ;40 % (14)
where
M =Cy1 +Ci2+2C353—4C3 (15)
3B—E
= 16
v B (16)
9BG
= 17
3B+ G (n

3. Results and discussion
3.1.

The structural properties were determined using
the Murnaghan equation of states [20]:

ET{)t(v) = EO(V) +

BV Vo w\®
B(l—v>+<v> —1] (18)

B(B—1)

Structural properties
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where Vj is the volume of static equilibrium of the
mesh, Ej is the total energy per primitive cell at
ground state, B and B’ are the bulk modulus and its
pressure derivative, respectively.

Optimization of the rock-salt phase is simpler
because we can only optimize the lattice param-
eter and it is performed by calculating the evolu-
tion of the total energy in terms of volume. For
wurtzite phase, the unit cell contains 4 atoms posi-
tioned at (0,0,0) and (2/3,1/3,1/2) for cation atoms
(Ti, Al) and (0,0,u) and (2/3,1/3,1/2+u) for anion
atoms (N), where the internal parameter u is the
separation of the atom (Ti, Al) and N along the ¢
axis. The structural optimization was performed by
calculating the total energy as a function of three
variables u, c/a and V.

Fig. 1 shows the variation of the total en-
ergy for TiN and AIN compounds in both rock-
salt and wurtzite structures. As shown, the most
stable phases for TiN and AIN are the rock-salt
and the wurtzite phases, respectively. Such cal-
culations are consistent with previous theoreti-
cal predictions [26-30]. Our calculations indicate
that the phase transition from wurtzite to rock-
salt takes place at 10.48 GPa for AIN, compared
with 13.3 GPa [26] and 14 GPa [31], whereas
from rock-salt to wurtzite, the change transform
occurs at —26.34 GPa for TiN, compared with
—24.0 GPa [26] and —21 GPa [32], which proves
the good stability of TiN in the cubic phase. The
equilibrium lattice constants, bulk modulus and its
pressure derivative are listed in Table 1 showing our
results compared with previously published data.
The maximum deviation between the values calcu-
lated by us and others is 0.04 % for lattice constants
(a) [26, 33], 0.06 % for (c) [26], 20 % for B [34] and
1.8 % for B’ [35].

3.2. Elastic properties

Elasticity is a response in form of a slight de-
formation when a material is exposed to exter-
nal mechanical stress. The elastic constants of TiN
and AIN have been calculated for their most sta-
ble phases. Table 2 shows the values of elastic
constants for TiN in the rock-salt structure calcu-
lated using the Mehl method [20] compared with

experimental and theoretical data. The calculated
C;; of rock-salt TiN phase are in good agree-
ment with experimental [36] and theoretical calcu-
lations [26, 37-39]. The maximum difference be-
tween the calculated and experimental values is
32 % for Cy» and 24 % for C;; [36]. For wurtzite
AIN structure, elastic constants have been calcu-
lated and compared with experimental [40] and the-
oretical data [26, 41]. The maximum discrepancy
between the calculated values and the experimen-
tal ones is 31 % for Cja, 16 % for C;1 and 17 %
for C44 [40]. Fig. 2 summarizes the evolution of
elastic energy as a function of deformation to deter-
mine Cy; — Cjp and Cyy for the rock-salt structure
of TiN. Fig. 3 shows the direct correlation of the
elastic energy as a function of deformation to de-
termine C;; + Ci2, C11, C33, and Cy4 for AIN in the
wurtzite phase. The transition pressure from rock-
salt to wurtzite for TiN is —26.34 GPa (compared
to —21.0 GPa from theoretical results of Ref. [26])
whereas from wurtzite to rock-salt for AIN it is
10.48 GPa (compared to 13.3 GPa from theoreti-
cal results of Ref. [26]). These results are in good
agreement with previous experimental and other
theoretical data.

This gives us a good evaluation of the preci-
sion and accuracy of the elastic constants of the
two binary TiN and AIN. A typical Poisson’s ratio
value for covalent materials is about 0.1, whereas
for ionic materials is about 0.25 [50]. Our Pois-
son ratio is calculated to be equal to 0.24 in the
rock-salt phase of TiN and 0.23 in the hexagonal
phase of AIN, which means that these compounds
are formed by covalent bonds. According to the
Pugh’s empirical formula [51], the critical value
of the B/G, which separates the ductile and brit-
tle behaviour of materials, is around 1.75; i.e., if
B/G > 1.75, the material behaves in a ductile man-
ner; otherwise the material behaves in a brittle man-
ner. According to our calculations the values of B/G
for TiN and AIN, are 1.62 and 1.6, respectively so
we conclude that both materials are fragile.

To sum up, the calculated values of B, G and E
for the binary TiN in rock-salt phase are as follows:
301 GPa, 185.4 GPa and 461.45 GPa, and for the
binary AIN in the hexagonal phase are 196.73 GPa,
125.31 GPa and 310.09 GPa.
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Fig. 1. Total energy optimization points (symbols) and Birch-Murnaghan fittings for TiN and AIN in rock-salt and

wurtzite structures.

Table 1. The equilibrium lattice parameters aq (A) and cg (A)

, the bulk modulus B (GPa) and its pressure derivative

B’ of TiN and AIN in rock-salt and wurtzite structures using GGA.

TiN

AIN

agp Co B B’

/1) Co B B

Waurtzite
Cale. 3.25@ 521@ 209(@ 4047
329000 527(0)  204(b) 4310

Exp. 3.29[19] 5.26 [19]

Rock-salt
Cale. 4.228@ 301(@ 3.76(@
4.256() 294(0) 4.52(0)
4.270() 292(¢)
4.26@) 286(@)
4.23() 270(€)
Exp. 4.24 [46] 288 [44] 4.5 [48]
318 [33]

3.11791@) 5.0414@ 197(@) 390
3.1200 5000 194()  3.99()
3.1130) 504100 1920 3.96()
3.1095() 4.9938(8)
3.1350 5,022
3.11[12] 4.978 [12] 185 [14] 5.7 [14]

207 [15]
4.066@) 252(a)  3.82(a)
4.070) 251 4.06)
4.06 [49] 221 [31] 4.8 [31]

(@) This work

(®) GGA, plane-wave pseudopotential, Ref. [26]
(©) GGA, plane-wave pseudopotential, Ref. [37]
(@) GGA, FLAPW, Ref. [27]

() GGA, FLMTO, Ref. [42]

() GGA, plane-wave pseudopotential, Ref. [43]
(8) GGA, plane-wave pseudopotential, Ref. [44]
(h)

h) GGA, FLMTO, Ref. [45]
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Table 2. The calculated elastic constants C;; (GPa) of TiN and AIN in rock-salt and wurtzite structures, respectively

using GGA.
TiN AIN
Rock-salt Wurtzite
This work  Exp. Calc. This work  Exp. Calc.
Cu 601  625[36] 610 @ 378 394 [40] 376 (@
604 () 376 (©)
610 @)
Ciz 133 165 [36] 137 (@ 103 134 [40] 127 @
136 () 121 ©
100 (@)
Ci3 99.4 95[40] 97 @
93 (o)
Ci3 412 402 [40] 355 @
354 (©)
Cy 153 163 [36] 158 (@) 104 121 [40] 112 @
162 (%) 115 (©
168 (@)
Css 137.5 130 [40] 124.5 (@
1270
(@ GGA, plane-wave pseudopotential, Ref. [26]
(6) GGA, VASP plane-wave pseudopotential, Ref. [37]
(©) GGA, plane-wave pseudopotential, Ref. [41]
(@) GGA, FPLMTO, Ref. [42]
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Fig. 2. Calculated (C1; —Cy2) (GPa) and Cy4 (GPa) of TiN in rock-salt structure using GGA.

4. Conclusion

The FP-LAPW with GGA has been applied to
evaluate the elastic properties of cubic TiN and
hexagonal AIN compounds. We found that the
most stable crystalline structures for TiN and AIN

are rock-salt and wurtzite, respectively. The tran-
sition pressure from rock-salt to wurtzite for TiN
is —26.34 GPa whereas from wurtzite to rock-salt
for AIN it is 10.48 GPa. These results are in good
agreement with previous experimental and theoret-
ical data. Compared to the literature data, the per-
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Fig. 3. Calculated (Cy; 4 C2) (GPa), 4C44(GPa), C33/2 (GPa) and Cj;/2 of AIN in wurtzite structure using GGA.

centage discrepancy in the values of Cj; and Cja
for TiN rock-salt are 24 % and 32 %, respectively.
Moreover, Cy, for AIN phase wurtzite shows a dif-
ference of 31 % compared to previous data.

Acknowledgements

One of us (Y.A.) would like to acknowledge FRGS
grants numbered: 9003-00249 & 9003-00255 and TWAS-

Italy,

for full support of his visit to JUST, Jordan under TWAS-

UNESCO Associateship.

References

(1]

(2]

(3]

[4]

PIERSON H.O., Handbook of refractory carbides and
nitrides. Properties, Characteristics, Processing and
Applications, Noyes Publications, New Jersey, USA,
1996.

CENTRE TECHNIQUE DES INDUSTRIES MECANIQUES
(CETIM), Manuel des traitements de surface a l'usage
des bureaux d’étude, Paris, 1987.

LUNARSKA E., AGEEVA N., MICHALSKI J., Surf
Coat. Tech., 76 — 77 (1995), 297.

YU Z., INGAWA K., JIN Z., Thin Solid Films, 264
(1995), 52.

(3]
(6]
(7]
(8]
(9]
(10]
(1]
(12]
(13]

[14]

(15]

DINGLE R., SELL D.D., STOKOWSKI S.E., LLEGEMS
M., Phys. Rev. B, 4 (1971), 1211.

LLEGEMS M., DINGLE R., LOGAN R.A., J. Appl
Phys., 43 (1972), 3797.

PuGH S.K., DUGDALE D.J., BRAND S., ABRAM
R.A., Semicond. Sci. Tech., 14 (1999), 23.

BELLOTTI M.E., GHILINO E., GHIONE G., BRENNAN
K.F., J. Appl. Phys., 88 (2000), 6467.

MIN B.J., CHAN C.T., K. HO M., Phys. Rev. B, 45
(1992), 1159

RUBIO A., CORKILL J.L., COHEN M.L., SHIRLEY
E.L., LOUIE S.G., Phys. Rev. B, 48 (1993), 11810.
WAGNER J.M., BECHSTEDT F., Phys. Rev. B, 66
(2002), 115202.

CHRISTENSEN N.E., GORCZYCA 1., Phys. Rev. B, 50
(1994), 4397.

WIESER M.E., BERGLUND M., Pure Appl. Chem., 81
(2009), 2131.

“Nitrure d’aluminium ” dans la base de données de pro-
duits chimiques REPTOX de la CSST (organisme cana-
dien responsable de la sécurité et de la santé au travail),
consulté le 25 avril 2009.

PERDEW J.P., CHEVARY J.A., VOSKO S.H., JACKSON
K.A., PEDRESON M.R., SINGH D.J., FioLHAIS C.,
Phys. Rev. B, 46 (1992), 6671.



Structural and elastic properties of TiN and AIN compounds: first-principles study

227

[16]
[17]

[18]

[19]

[20]
(21]
(22]

(23]

[24]

[25]

[26]

[27]
(28]
(29]
(30]
(31]

(32]

PERDEW J.P., BURKE S., ERNZERHOF M., Phys. Rev.
Lett., 77 (1996), 3865.

WONG K.M., ALAY-E-ABBAS S.M., SHAUKAT A.,
FANG Y., LE1 Y., J. Appl. Phys., 113 (2013), 014304.
WONG K.M., ALAY-E-ABBAS S.M., FANG Y.,
SHAUKAT A., LEI Y., J. Appl. Phys., 114 (2013),
034901.

BLAHA P., SCHWARZ K., MADSEN G.K.H., KvAs-
NICKA D., Luitz J., Computer code WIEN2K (Vi-
enna University of Technology, 2002), improved and up-
dated Unix version of the original P.Blaha, K.Schwarz,
P.Sorantin, S.B. Rickey, Comput. Phys. Commun., 59
(1990), 399.

MEHL M.J., Phys. Rev. B, 47 (1993), 2493.

SHANG S.L., SAENGDEEJING A., MEI Z.G., KIM
D.E., ZHANG H., GANESHAN S., WANG Y., LIU
Z.K., Comp. Mater. Sci., 48 (2010), 813.

NYE J.F., Proprietés physiques des cristaux, Edition
Dunod, Paris (1961).

MEHL M.J., KLEIN B.K., PAPACONSTANTOPOULOS
D.A., Intermetallic compound: principle and practice,
in: Westbrook J.H., Fleischeir R.L. (Eds.), Principles,
vol. I, John Wiley and Sons, 1995.

VoOIGT W., Lehrbush der Kristallphysik, Taubner,
Leipzig, 1928.

SCHREIBER E., ANDERSON O.L., SOGA N., Elastic
Constants and Their Measurements, McGraw-Hill, New
York, 1973.

WANG A.J., SHANG S.L., DU Y., ZHANG L.J., CHEN
L., ZHAo D.D., Liv Z.K., Comp. Mater. Sci., 48
(2010), 705.

STAMPFL C., MANNSTADT W., ASAHI R., FREEMAN
A.J., Phys. Rev. B, 63 (2001), 155106.

HUNG A., Russo S.P., MccULLOCH D.G., J. Chem.
Phys., 120 (2004), 4890.

YEH C.Y., LU Z.W., FROYEN S., ZUNGER A., Phys.
Rev. B, 46 (1992), 10086.

STRITE S., MORKOC H., J. Vac. Sci. Technol. B, 10
(1992), 1237.

XiA Q., XiA H., RuoFr A.L., J. Appl. Phys., 73
(1993), 8198.

HOLEC D., ROVERE F., MAYRHOFER P.H., BARNA
P.B., Scripta Mater., 62 (2010), 349.

(33]
(34]
(35]

(36]

[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]

(48]

(49]
[50]

(51]

ZHANG R.F., VEPREK S., Mat. Sci. Eng. A-Struct., 448
(2007), 111.

SERRANO J., RUBIO A., HERNANDEZ E., MUNOZ A.,
MUIJICA A., Phys. Rev. B, 62 (2000), 16612.

XI1A Q., X1A H., RUoFr A.L., J. Appl. Phys., 73
(1993), 8198.

KiMm J.O., ACHENBACH J.D., MIRKARIMI P.B.,
SHINN M., BARNETT S.A., J. Appl. Phys., 72 (1992),
1805.

LAZAR P., REDINGER J., PODLOUCKY R., Phys. Rev.
B, 76 (2007), 174112.

CHEN K., BIELAWSKI M., Surf. Coat. Tech., 203
(2008), 598.

YANG Y., LUH., YU C., CHEN J.M., J. Alloy. Compd.,

485 (2009), 542.

KAZAN M., MOUSSAED E., NADER R., MASRI P.,
Phys. Status Solidi C, 4 (2007), 204.

PENG F., CHEN D., Fu H., CHENG X., Physica B, 403
(2008), 4259.

AHUJA R., ERIKSSON O., WILLS J. M., JOHANSSON
B., Phys. Rev. B, 53 (1996), 3072.

StamMPFL C., DE WALLE C.G.V., Phys. Rev. B, 59
(1999), 5521.

ZORODDU A., BERNARDINI F., RUGGERONE P.,
FIORENTINI V., Phys. Rev. B, 64 (2001), 045208.
SCHILFGAARDE M., SHER A., CHEN A.B., J. Cryst.
Growth, 178 (1997), 8.

SCHONBERG N., Acta Chem. Scand., 8 (1954), 213.
ZHUKOV V.P., GUBANOV V.A., JEPSEN O., CHRIS-
TENSEN N.E., ANDERSEN O.K., J. Phys. Chem. Solids,
49 (1988), 841.

PRILLIMAN S.G., CLARK S.M., ALIVISATOS A.P.,
KARVANKOVA P., VEPREK S., Mat. Sci. Eng. A-Struct.,
437 (2006), 379.

ZHANG R.F., SHENG S.H., VEPREK S., Phys. Rev. B,
76 (2007), 075208.

HAINES J., LEGER J.M., BOCQUILLON G., Annu. Rev.
Mater. Res., 31 (2001), 1.

PUGH S.F., Philos. Mag., 45 (1954), 823.

Received 2013-05-13
Accepted 2014-03-12



	Introduction.
	Calculation method
	Results and discussion
	Conclusion



