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Abstract. The structural parameters, elastic constants and thermodynamic properties of Ti2SC were investi-
gated under pressure and temperature by using first-principles plane-wave pseudopotential density functional 
theory within the generalized gradient approximation. The obtained results are in agreement with the  
available experimental data. The bulk moduli along the a- and c-axes, Ba and Bc, almost linearly increase with 
pressure, and the former is always smaller than the latter. The ratio of Bc/Ba has a trend of gradual increase 
as the pressure increases. It is found that the elastic constants, anisotropy and Debye temperature of Ti2SC 
increase with pressure, while axial compressibility along the a- and c-axes decreases with pressure. The ther-
mal properties including the equation of state, the Grüneisen parameter γ, the anisotropies Δp, ΔS1 and ΔS2, 
and the heat capacity are estimated at various pressures and temperatures. 
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1. Introduction 

Ti2SC is a member of a class of materials which are now 
widely referred to as the Mn+1AXn phases, where n is 1, 2, 
or 3 and M represents an early transition metal, A is an 
A-group element (mostly IIIA and IVA element), and X 
is either carbon and/or nitrogen (Barsoum 2000). Like 
metals, which are not susceptible to thermal shock, they 
are electrically and thermally conductive, plastic at high 
temperature, exceptionally damage tolerant and most 
readily machinable. Like ceramics, they are elastically 
rigid, lightweight, fatigue resistant and maintain their 
strengths to high temperatures (Drulis et al 2007). These 
make them attractive for many applications such as struc-
tural materials at elevated temperature. Mn+1AXn com-
pounds crystallize under a hexagonal structure with a 
very large c/a ratio. Based on the value of n, this class of 
materials can be further classified as M2AX or 211 MAX 
compounds (n = 1), M3AX2 or 321 MAX compounds and 
M4AX3 or 413 MAX compounds (n = 3). More than 50 
compounds were reported for n = 1, the so-called M2AX 
phases. Interestingly, Ti2SC has the ease of machinability 
among the titanium alloys (Wally and Ueki 1998; Tet-
suya et al 2002). With Vicker’s hardness of 8 GPa (Bar-
soum and Raghy 1996, 1997, 1999), it is relatively soft as 
compared to most other early transition metal carbides 

and nitrides. Like the rest of the M2AX phases, Ti2SC 
belongs to a Raman-active material and has a total of 24 
modes out of which three are acoustic (A2u + Eu), four 
are Raman-active optical, three of which are Raman-
active (Ag + 2E2g) (Spanier et al 2005). The M2AX 
phases belong to the space group P63/mmc and have 
nearly close-packed M layers which are sandwiched by 
layers of the A-group element, with the X atoms occupy-
ing the octahedral sites and forming edge-shared XM6 
octahedra (Yang et al 2006). It is interesting that Ti2SC 
has a significantly shorter c-lattice parameter among the 
50 other MAX phases, and was postulated that its me-
chanical properties would be significantly different than 
the others. At 8 ± 2 GPa, its steady state Vicker’s hard-
ness is significantly higher than the vast majority of 
MAX phases whose hardness are in the range of 2–4 GPa. 
Furthermore, at 316 ± 2 GPa, its Young’s modulus is the 
highest one among M2AX phase (Amini et al 2007). 
Ti2SC also exhibits the highest thermal conductivity at 
room temperature (> 60 W/mK) and the Poisson ratio 
(0⋅199), which were attributed, respectively, to higher 
phonon conduction and bond anisotropy as compared to 
other 211 MAX phases (Scabarozi et al 2008). However, 
Ti2SC did not show any significant difference in the high-
pressure behaviour (Kulkarni et al 2008) as compared to 
the other MAX phases (Manoun et al 2006). 
 Unfortunately, Ti2SC has been less investigated com-
pared to the other members of this family. Experimen-
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tally, Kulkarni and co-workers (2008) investigated the 
pressure dependence of the lattice parameters of Ti2SC by 
using synchrotron radiation X-ray diffraction and a dia-
mond anvil cell setup. Amini et al (2007) and Kulkarni  
et al (2009) reported the synthesis and mechanical prop-
erties of Ti2SC. Theoretically, Hug (2006), Du et al (2008) 
and Bouhemadou and Khenata (2008) studied the elec-
tronic structure of Ti2SC using ab initio calculations.  
Recently, the hardness and brittleness and thermal expan-
sion are investegated by Cui et al (2009) and Scabarozi  
et al (2009) respectively. From above, it is clear that 
some fundamental properties of Ti2SC have not been in-
vestigated, and the elastic and thermal properties are 
rarely studied or measured for Ti2SC. 
 Elastic properties are important not only because they 
are closely related to various fundamental solid-state  
phenomena such as interatomic bonding, equations of 
state and phonon spectra, but also because they link thermo-
dynamically with the specific heat, thermal expansion,  
Debye temperature, melting point and Grüneisen para-
meter. Values of elastic constants can not only provide 
valuable information about the bonding characteristic 
between adjacent atomic planes but also the anisotropic 
character of the bonding and structural stability, as well 
as the correlation between the elastic constants and the 
melting temperature. It is known that pressure is an im-
portant parameter to tune physical properties, because 
they have already displayed many marvelous physics 
phenomenon recently (Ma et al 2009). In this work, we 
investigate elastic properties and thermal properties of 
Ti2SC under pressure and temperature using the first-
principles plane-wave method. The motivations of this 
study are to determine the elastic and thermal behaviour 
of Ti2SC, and to investigate if it exhibits any unusual  
behaviour under high pressure. 

2. Computational details 

The thermal properties and elastic properties calculations 
were performed using the pseudopotential plane-wave 
method within the framework of the density functional 
theory (Milman et al 2000; Segall et al 2002). This tech-
nique has become widely recognized as the method for 
studying physical properties of the condensed materials 
(Lippens et al 2008). The thermodynamic properties for 
Ti2SC are calculated by the quasi-harmonic Debye model 
(Blanco et al 2004). The exchange correlation energy is 
described in the generalized gradient approximation 
(GGA) using the Perdew–Burke–Ernzerhof (PBE) func-
tional (Perdew et al 1996). The Ti (3d24s2), S (3s23p6) 
and C (2s22p2) states are treated as valence electrons. 
Interactions of electrons with ion cores are presented by 
the norm-conserving pseudopotential for all atoms. In all 
the high-precision calculations, the cut-off energy of the 
plane-wave basis set is to 350 eV for Ti2SC. The special 

points sampling integration over the Brillouin zone are 
carried out using the Monkhorst–Pack method with a 
9 × 9 × 2 special k-point mesh. The kinetic energy cut-off 
and mesh of k-points are optimized by performing self-
consistent calculations. The self-consistent is considered 
to be converged when the total energy is 10–6 eV/atom. 
These parameters are sufficient in leading to well-
converged total energy calculations. 

3. Results and discussion 

3.1 Structural properties 

The total energy electronic structure calculations are per-
formed over a range of primitive cell volume V from 
0⋅6 V0 to 1⋅20 V0, where V0 is the zero pressure equilib-
rium primitive cell volume. No constraints are imposed 
on the c/a ratio, i.e. the lattice constants a and c are opti-
mized simultaneously. Since the experimental c/a ratio of 
Ti2SC is about 3⋅494, we calculate a series of different 
c/a ratios from 3⋅474 to 3⋅514, with a step of 0⋅004. For 
each volume, we determine the corresponding equili-
brium ratio c/a of Ti2SC by performing total energy cal-
culations on a series of different c/a ratios and minimize 
the energy as function of c/a. Through these calculations, 
we can obtain the equilibrium parameters a and c and the 
corresponding equilibrium ratio c/a of Ti2SC under arbi-
trary pressures. We plot ratio V/V0 varies with pressure in 
figure 1 together with experimental results (Kulkarni et al 
2008, 2009), which shows better consistency in unit cell 
volume. However, our calculated relative change in unit 
cell is smaller than that in Kulkarni et al (2009). We  
attribute these to the different pseudo potential, because 
the generalized gradient approximation (GGA) always 
overestimates the lattice constant and local density  
approximation (LDA) underestimates the lattice constant. 
It is noted that the most stable structure of the Ti2SC cor-
responds to the ratio c/a = 3⋅5139, where a = 3⋅2044 Å 
and c = 11⋅2601 Å, listed in table 1, together with other 
theoretical (Bouhemadou and Khenata 2008; Du et al 
2008) and experimental (Amini 2007; Kulkarni 2008, 
2009) data. The zero pressure bulk modulus B0 and the 
derivative B′0 of the bulk modulus with respect to pressure  
obtained from the Birch–Murnaghan equation of state 
(EOS) (Murnaghan 1994), are also shown in table 1. In 
order to study further, the pressure/temperature depend-
ence of unit cell parameters, volume and their ratios, re-
spectively, of Ti2SC are also calculated and given in 
tables 2 and 3, copmparing with the experimental (Kul-
karni et al 2008, 2009) data. It is clear that our results are 
in good agreement with the experimental data. 
 We notice that, when pressure increases, the compres-
sion along the c-axis is smaller than that along the a-axis 
(not shown), reflecting change of Ti–S, Ti–C and C–C 
bond with the applied pressures. This result is important, 
since to a first approximation the vibrational frequencies
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Table 1. Calculated structure parameters, bulk modulus B (GPa) and its pressure derivation B′ (GPa), shear modulus G (GPa), 
Young’s modulus E (GPa), Poisson’s ratio σ, thermal expansion α (10–5 K–1), Grüneisen parameter γ and elastic constants Cij (GPa) 
of Ti2SC compared with the experimental and theoretical results. 

 a (Å) c (Å) c/a B B′ C11 C12 C13 C33 C44 G σ E α γ 
 

This work 3⋅204 11⋅26 3⋅514 178 4⋅07 332 93 101 355 156 134 0⋅199 321 1⋅082 1⋅88 
Du et al (2008) 3⋅211 11⋅239 3⋅500 181  336 106 99 348 163      
Bouhemadou 3⋅1432 11⋅0509 3⋅5159 205 4⋅22 368 108 123 395 189 150⋅8 0⋅203 363   
 and Khenata 
 (2008) 
Cui et al (2009) 3⋅206 11⋅236 3⋅505 179 4⋅13 318 101 105 351 148 124 0⋅219 302   
Scabarozi 3⋅2046 11⋅209 3⋅498 179  339 90 100 354 162 139 0⋅192 331 0⋅87 1⋅40 
 et al 2009 
Kulkarni et al 3⋅208 11⋅21 3⋅4944 191 4⋅0 – –         
 2008 
Amini et al 2007 3⋅205 11⋅208 4⋅497 – – – –         
Kulkarni et al  3⋅208 11⋅21 3⋅4944             
 2009 

 

 
Figure 1. The normalized ratio (V/V0 and ΔL/L0) as a function 
of pressure and temperature. 
 

are dependent on bond distances. As expected experimen-
tally and theoretically, the Ti–S, Ti–C and C–C bond 
lengths decrease with pressure. Moreover, the atoms in 
the interlayers become closer, and the interactions  
between them become stronger; contraction of Ti–S, Ti–
C and C–C distances under pressure results in the change 
of bonding anisotropy of Ti2SC structure. The interlayer 
linear compressibility d lna/dlnp = 0⋅00194 GPa–1 is about 
1⋅13 times larger than d lnc/dp = 0⋅00171 GPa–1, showing 
the Ti–S bond and C–C bond to be different. 

3.2 Elastic properties 

To calculate the elastic constants under pressure, we have 
applied the non-volume-conserving method. The com-
plete elastic constant tensor was determined from calcula-
tions of the stresses induced by small deformations of the 
equilibrium primitive cell, and thus the elastic constants 
cijkl are determined as (Karki et al 1997) 

( )
,i j

ijkl
kl X

x
c

e

σ∂⎛ ⎞
= ⎜ ⎟∂⎝ ⎠

 (1) 

where σij and ekl are applied stress and Eulerian strain 
tensors, X and x are the coordinates before and after the 
deformation. For the isotropic stress, the elastic constants 
are defined as (Wallace 1972) 

(2 ),
2ijkl i jkl i j kl il jk ik jl
P

c C δ δ δ δ δ δ= + − −  (2) 

21 ( )
,

( )i jkl
ij kl X

E x
C

V x e e

⎛ ⎞∂= ⎜ ⎟
⎜ ⎟∂ ∂⎝ ⎠

 (3) 

where Cijkl are the second-order derivatives with respect 
to the infinitesimal strain. For Ti2SC, there are five inde-
pendent elastic constants. It is shown that our results  
(table 1) are consistent with other theoretical data (Bou-
hemadou and Khenata 2008; Du et al 2008). The obtained 
values of C11, C12, C13, C33 and C44 at zero temperature 
(up to 50 GPa) are shown in figure 2. We found that the 
five independent elastic constants increase monotonically 
with pressure. C11 and C33 vary rapidly as pressure  
increases, and C44 becomes moderate as well as C13. 
However, C12 increases comparatively slowly. Unfortu-
nately, there are no experimental and theoretical data to 
compare our results. The five independent elastic con-
stants satisfy the well-known Born stability criteria (Born 
1940), i.e. 

C12 > 0, C33 > 0, C66 = (C11 – C12)/2 > 0, C44 > 0,  

  (4) 

and 

(C11 + C12)C33 – 2C2
13 > 0. (5) 

This suggests that the Ti2SC is mechanically stable and 
predicts that there is not a phase transition up to 50 GPa. 
 The mechanical anisotropy of Ti2SC can be calculated 
using the bulk moduli along the a and c axes, Ba and Bc 

respectively, defined as (Islam et al 2006) 
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Table 2. The pressure dependence of unit cell parameters, volume and their ratios, respectively of Ti2SC. 

  Kulkarni et al 2008 Calculated 
 

P(GP) a (Å) c (Å) V (Å3) a/a0 c/c0 V/V0 a (Å) c (Å) V (Å3) a/a0 c/c0 V/V0 
 

0 3⋅208 11⋅21 99⋅9 1 1 1 3⋅21303 11⋅27704 100⋅82 1 1 1 

4⋅067 3⋅191 11⋅11 98 0⋅9947 0⋅99108 0⋅98098 3⋅18779 11⋅19892 98⋅56 0⋅99214 0⋅99307 0⋅97753 

13⋅92 3⋅151 10⋅92 93⋅9 0⋅98223 0⋅97413 0⋅93994 3⋅13476 11⋅04491 93⋅99 0⋅97564 0⋅97942 0⋅93224 

17⋅33 3⋅132 10⋅84 92 0⋅97631 0⋅96699 0⋅92092 3⋅11863 11⋅00052 92⋅66 0⋅97062 0⋅97548 0⋅919 

21⋅86 3⋅116 10⋅77 90⋅5 0⋅97132 0⋅96075 0⋅90591 3⋅09823 10⋅94487 90⋅98 0⋅96427 0⋅97054 0⋅90243 

23⋅57 3⋅115 10⋅76 90⋅4 0⋅97101 0⋅95986 0⋅9049 3⋅09117 10⋅92403 90⋅4 0⋅96207 0⋅9687 0⋅89661 

30⋅87 3⋅087 10⋅63 87⋅7 0⋅96228 0⋅94826 0⋅87788 3⋅06213 10⋅84676 88⋅08 0⋅95303 0⋅96184 0⋅87362 

35⋅74 3⋅074 10⋅58 86⋅6 0⋅95823 0⋅9438 0⋅86687 3⋅04428 10⋅79893 86⋅67 0⋅94748 0⋅9576 0⋅85966 

44⋅24 3⋅044 10⋅54 84⋅684 0⋅94888 0⋅94023 0⋅84769 3⋅01549 10⋅72458 84⋅455 0⋅93852 0⋅95101 0⋅83766 

45⋅68 3⋅046 10⋅55 84⋅8 0⋅9495 0⋅94112 0⋅84885 3⋅01098 10⋅71108 84⋅1 0⋅93712 0⋅94981 0⋅83411 

47⋅58 3⋅037 10⋅49 83⋅8 0⋅9467 0⋅93577 0⋅83884 3⋅00484 10⋅69684 83⋅64 0⋅93521 0⋅94855 0⋅82961 

 
 

Table 3. The temperature dependence of unit cell parameters, volume and their ratios, respectively, of 
Ti2SC. 

Kulkarni et al a (Å) c (Å) V (Å3)  
(2009) T (°C) (± 0⋅001) (± 0⋅003) (± 0⋅1) Δa/a0 Δc/c0 ΔV/V0 
 

25 3⋅209 11⋅210 99⋅9 0 0 0 
92(2) 3⋅210 11⋅214 100⋅0 0⋅0004 0⋅0004 0⋅0011 
160(2) 3⋅212 11⋅220 100⋅2 0⋅0010 0⋅00098 0⋅0029 
229(3) 3⋅214 11⋅228 100⋅4 0⋅0016 0⋅00162 0⋅0047 
298(3) 3⋅216 11⋅235 100⋅6 0⋅0022 0⋅00224 0⋅0066 
332(4) 3⋅217 11⋅239 100⋅7 0⋅0025 0⋅00261 0⋅0076 
401(4) 3⋅219 11⋅246 100⋅9 0⋅0032 0⋅0032 0⋅0096 
469(5) 3⋅221 11⋅253 101⋅0 0⋅0038 0⋅00391 0⋅0114 
538(5) 3⋅222 11⋅260 101⋅2 0⋅0044 0⋅00451 0⋅0132 
606(6) 3⋅224 11⋅266 101⋅4 0⋅0049 0⋅00509 0⋅0150 
675(6) 3⋅226 11⋅274 101⋅6 0⋅0056 0⋅00576 0⋅0170 
744(7) 3⋅228 11⋅280 101⋅8 0⋅0061 0⋅00635 0⋅0185 
812(8) 3⋅230 11⋅287 101⋅9 0⋅0067 0⋅00696 0⋅0204 
881(8) 3⋅231 11⋅294 102⋅1 0⋅0071 0⋅00759 0⋅0219 
949(9) 3⋅233 11⋅297 102⋅2 0⋅0076 0⋅00780 0⋅0232 
 

Our work T (°C) a (Å) c (Å) V (Å3) Δa/a0 Δc/c0 ΔV/V0 
 

   0 3⋅20837 11⋅2607 100⋅50171 0 0 0 
 100 3⋅20996 11⋅26628 100⋅65138 0⋅00049 0⋅00049 0⋅00149 
 200 3⋅21168 11⋅27231 100⋅8129 0⋅00103 0⋅00103 0⋅0031 
 300 3⋅21347 11⋅2786 100⋅98183 0⋅00159 0⋅00159 0⋅00478 
 400 3⋅21529 11⋅28499 101⋅15373 0⋅00216 0⋅00216 0⋅00649 
 500 3⋅21716 11⋅29155 101⋅33007 0⋅00274 0⋅00274 0⋅00824 
 600 3⋅21903 11⋅2981 101⋅50641 0⋅00332 0⋅00332 0⋅01 
 700 3⋅22094 11⋅3048 101⋅68719 0⋅00392 0⋅00392 0⋅0118 
 800 3⋅22288 11⋅3116 101⋅87094 0⋅00452 0⋅00452 0⋅01362 
 900 3⋅22483 11⋅31846 102⋅05617 0⋅00513 0⋅00513 0⋅01547 
1000 3⋅22681 11⋅32541 102⋅24436 0⋅00575 0⋅00575 0⋅01734 

 

a
d

,
d 2

P
B a

a α
Λ= =
+

 (6) 

a
c

d
,

d

BP
B c

c α
= =  (7) 

2
11 12 13 332( ) 4 ,C C C Cα αΛ = + + +  (8) 

11 12 13

33 13

2
.

C C C

C C
α + −
=

−
 (9) 

The calculated Ba and Bc with pressure are presented in 
figure 3. It can be seen that Ba and Bc almost linearly  
increase with pressure, and the former is always smaller 
than the latter. It is interesting that the ratio of Bc/Ba has a 
trend of gradual increase as the pressure increases, show-
ing that the mechanical behaviour of Ti2SC is of aniso-
tropy under pressure. 
 It is known that the acoustic velocities are obtained 
from elastic constants by the Christoffel equation (Auld 
1973) 
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(Cijkl
 njnk – Mδil)μi = 0, (10) 

where M = ρν2, Cijkl is the fourth-rank tensor description 
of the elastic constants, n is the propagation direction and 
μ is the polarization vector; the acoustic anisotropy is 
defined as (Neumann et al 1999) 

[ ]
,

[100]
i x

i
i

M n

M
Δ =  (11) 

where nx is the extremal propagation direction and i is the 
index of three types of elastic waves (one longitudinal 
and two traversal polarizations of shear waves). By solv-
ing the Christoffel (11) for hexagonal Ti2SC, the aniso- 
 
 

 

Figure 2. The elastic constants Cij of Ti2SC as a function of 
pressure. 

 
 

 

Figure 3. Variation of the bulk modulus Ba and Bc along the 
a- and c-axes with pressure. 

tropy of the compression wave is obtained from (Steinle-
Neumann et al 1999) 

2
331

P 2
111

(0 )
,

(90 )

CV

CV

°Δ = =
°

 (12) 

The anisotropies of the wave polarized perpendicular to 
the basal plane (S1) and to the basal plane (S2) are calcu-
lated (Steinle-Neumann et al 1999) 

2
11 33 13 t 44

s1 2 2
44 11 12t

2 (0 ) 2
, ,

4 (90 )
s

C C C V C

C C CV

+ − °Δ = Δ = =
−°

 (13) 

where ΔP shows the anisotropy of the compression wave, 
ΔS1 and ΔS2 denote the shear waves, V(90°) and V(0°) are 
the in-plane and c-axis ultrasound velocities, respec-
tively. For an elastically isotropic solid, ΔP = Δs1 = 
Δs2 = 1. The calculated pressure dependences of the aniso-
tropies ΔP, ΔS1 and ΔS2 are illustrated in figure 4. It is 
noted that ΔS2 increases rapidly and ΔP increases slightly 
while increasing pressure. However, ΔS1 decreases with 
pressure (due to the fact that the elastic constants C11 and 
C33 are affected by pressure). The anisotropy is dependent 
on the symmetry of the crystal and the variations of the 
elastic constants, and the structure of the crystal has been 
changed because of the variations of c/a under applied 
pressures. 
 The expression for compressibility β for the hexagonal 
and rhombohedral systems can be written in matrix nota-
tion as (Sirdeshmukh et al 2001), 
 
 
 

 

Figure 4. The anisotropies, elastic constant ratios C33/C11, 
(C11 + C33 – 2C13)/4C44, 2C44/(C11 – C12), which can determine 
the anisotropies of the compressional wave (ΔP) and the shear 
wave (ΔS1 and ΔS2), are displayed as functions of various pre-
ssures. The squares, circles and triangles represent ΔP, ΔS1 and 
ΔS2, respectively. 
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β = (S11 + S12 + S13) – (S11 + S12 – S13 – S33)l
2. (14) 

where l is the unit directional vector (l2 = 0 for c axis; 
l2 = 1 for c axis) and Sij is the elastic-compliance-constant. 
Thus, the linear compressibility in the uniaxial materials 
is rotationally symmetrical about the unique axis c. The 
pressure dependence of the lattice parameter is also re-
lated to a combination of elastic constants Cij, and thus 
we can make use of the axial compressibility β to check 
the validity of the calculated Sij. In a hexagonal crystal, 
the axial compressibilities βa and βc are of the form (Nye 
1985) 

33 13
a d ln /d ,

C C
a Pβ −

= − =
Ω

 

11 12 13
b

2
d ln /d ,

C C C
c Pβ + −

= − =
Ω

 (15) 

where Ω = (C11 + C12)C33 – 2C2
13. 

 Here, the βa and βc reflect the anisotropy of the linear 
compressibility. On the other hand, we can determine βa 
and βc by fitting a polynomial to the evolution of ln a and 
ln c at various pressures. The calculated βa and βc are 
1⋅94 and 1⋅70 TGPa–1 (at 0 GPa), respectively, while the 
agreement with other calculated data (1⋅93 and 
1⋅74 TGPa–1) (Scabarozi et al 2009) are exact. The pres-
sure effects on the axial compressibilities βa and βc are 
shown in figure 5. The axial βa and βc decrease with in-
creasing pressure, but the βa is always bigger than βc. 
This also corresponds to the stronger bonding in Ti–S and 
weaker interlayer bonding in C–C. 

3.3 Thermodynamic properties 

With our previous works (Fu et al 2008a, b, 2009), we 
apply the quasi-harmonic Debye model to investigate 
 

 

Figure 5. The linear compresibilities βa and βc plotted as a 
function of pressure. 

the thermodynamic properties of Ti2SC, in which the 
nonequilibrium Gibbs function G*(V; P, T) can be  
written in the form of (Francisco et al 1998; Blanco et al 
2004) 

G*(V; P, T) = E(V) + PV + AVib(θ(V); T), (16) 

where E(V) is the total energy per unit cell, PV corre-
sponds to the constant hydrostatic pressure condition and 
AVib(Θ(V); T) is the vibrational term, which can be writ-
ten as 

/
Vib

9
( ( ); ) 3ln(1 ) ,

8
TA V T nKT e D

T T
θθ θθ −⎡ ⎤⎛ ⎞= + − − ⎜ ⎟⎢ ⎥

⎝ ⎠⎣ ⎦
 

 (17) 

where n is the number of atoms in the unit cell, K is the 
Boltzmann constant and the Debye integral D(Θ/T) is 
defined as (Blanco et al 2004) 

3

3
0

3
( ) d .

1

y

x

x
D y x

y e
=

−∫  (18) 

The heat capacity CV and the thermal expansion (α) are 
expressed as 

V /

3 /
3 4 ( / ) ,

1T

T
C nK D T

eθ
θθ⎡ ⎤= −⎢ ⎥−⎣ ⎦

 (19) 

V

T

= ,
C

B V

γα  (20) 

where γ is the Grüneisen parameter defined as 

d ln ( )
.

d ln

V

V

θγ = −  (21) 

The Debye temperature can be estimated from the average 
sound velocity νm, using the following equation (Ander-
son 1963): 

1/3
A

m
B

3
,

4

nNh
v

k M

ρθ
π

⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (22) 

where h is Planck’s constant, kB is the Boltzmann con-
stant, NA is the Avogadro number, M is the molecule 
mass, ρ is the density and the average sound velocity νm 
is approximately given by (Poirier 2000) 

1/3

m 3 3
s P

1 2 1
,

3
v

v v

−
⎡ ⎤⎛ ⎞

= +⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
 (23) 

where νP and νs are the longitudinal and transverse elastic 
wave velocities, respectively, which can be obtained from 
Navier’s equation (Fu et al 2008b): 

P s s
4

, / ,
3

v B G v Gρ ρ⎛ ⎞= + =⎜ ⎟
⎝ ⎠

 (24) 
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where G is the shear modulus and BS is the adiabatic bulk 
modulus. 
 In figure 6, we show the ratios of heat capacity CV and 
the Debye temperature Θ as a function of pressure P at 
the temperatures of 300 and 800 K for Ti2SC, where X0 
represents heat capacity and the Debye temperature at 
zero temperature. It is shown that when the temperature is 
constant, the Debye temperature Θ increases almost non-
linearly with applied pressures, indicating the change of 
the vibration frequency of particles under pressure. How-
ever, the heat capacity CV decreases with the applied 
pressures, showing that the increasing pressure might 
 

 

Figure 6. Variations of thermodynamic parameters X (X:  
Debye temperature or specific heat) with pressure P. They are 
normalized by (X – X0)/X0, where X and X0 are the Debye tem-
perature or heat capacity under any pressure P and zero pres-
sure P0 at the temperatures of 300 and 800 K. 

 
 

 

Figure 7. Variation of the Debye temperature Θ with the tem-
perature at different pressures of P = 0, 5 and 10 GPa. 

achieve the same result with decreasing temperature in 
Ti2SC. The variations of Θ with temperature T are plotted 
in figure 7. We can see that the Debye temperature Θ 
decreases by 1⋅9, 2⋅18 and 2⋅69% at the pressures of 0, 5 
and 10 GPa, respectively, when the temperature is from 0 
to 1000 K. 
 The Grüneisen parameter γ is thought to be described 
the alteration in a frequency of the crystal lattice vibra-
tion based on the lattice’s increase or decrease in volume 
as the temperature changes. It is directly related to the 
equation of state (EOS). However, the agreement be-
tween our calculated value (1⋅88) and the other calculated 
data (1⋅40) (Scabarozi et al 2009) is not exact. They are 
shown in figure 8. It can be observed that at given pres-
sure, the γ increases monotonously when T > 500 K (as 
shown in figure 8a); while at fixed temperature, the γ 
decreases dramatically with pressure, and as the tempera-
ture goes higher, the γ decreases more rapidly with the 
increase of pressure P (figure 8b). These results are due 
to the fact that the effect of temperature T on γ is not as 
significant as that of pressure P. 
 

 

Figure 8. Variation of the Grüneisen parameter γ with  
(a) temperature T and (b) pressure P. 
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Figure 9. Variation of the thermal expansion coefficient α 
with (a) pressure P and (b) temperature T. 
 
 The dependence of the thermal expansion α with the 
temperature T and pressure P are shown in figure 9. Our 
calculated α are slightly bigger than the ones in Kulkarni  
et al (2009) and Scabarozi et al (2009) (table 1). The  
effects of the pressure P on the thermal expansion coeffi-
cient α are obvious (figure 9a). However, it is noted that 
as the pressure increases, α almost decreases exponen-
tially. This means that there is a large thermal expansion 
at low pressure, which is in accordance with the variation 
of V/V0 with pressure P. In figure 9b, it can be seen that 
the thermal expansion coefficient α also increases with T3 
at lower temperatures and gradually approaches to a lin-
ear increase at higher temperatures, which is similar to 
that of CV. 
 In figure 10, the heat capacity of Ti2SC is plotted for 
various pressures at different pressure i.e. 0, 30, 60, 90 
and 120 GPa, respectively. It shows that when T < 500 K, 
the heat capacity CV is sensitive to both the pressure P 
and the temperature T. This is due to the anharmonic  
approximations of the Debye model. However, at higher 

pressures and/or higher temperatures, the anharmonic 
effect on CV is suppressed, and CV is very close to the 
Dulong–Petit limit. 

4. Conclusions 

We have focused our attention on the elastic constants 
and anisotropy as well as thermodynamic properties  
under high pressures by using plane wave pseudopoten-
tial density functional theory within the generalized gra-
dient approximation. We have obtained the pressure 
dependence of structural parameters V/V0 performing 
total energy calculations over a range of the primitive cell 
volumes. The results are in agreement with experimental 
data. The pressure dependences of elastic constants and 
heat capacity are also obtained. It is found that the elastic 
constants, anisotropy and Debye temperature increase 
with pressure. It is found that its axial compressibility β 
and thermal expansion coefficient α decrease when increas-
ing pressure; while the anisotropy factor, the c-axis and in-
plane bulk moduli, and Debye temperature increase with 
pressure. The anisotropy can be explained by the strong  
Ti–S hybridization and weak C–C hybridization. 
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Figure 10. The heat capacity of Ti2SC at various pressures 
and temperatures. 
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