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Using Vanderbilt-type plane-wave ultrasoft pseudopotentials within the generalized gradient approximation (GGA)

in the frame of density functional theory (DFT), we have investigated the crystal structures, elastic, and thermodynamic

properties for Ti2SC under high temperature and high pressure. The calculated pressure dependence of the lattice

volume is in excellent agreement with the experimental results. The calculated structural parameter of the Ti atom

experienced a subtle increase with applied pressures and the increase suspended under higher pressures. The elastic

constants calculations demonstrated that the crystal lattice is still stable up to 200 GPa. Investigations on the elastic

properties show that the c axis is stiffer than the a axis, which is consistent with the larger longitudinal elastic constants

(C33, C11) relative to transverse ones (C44, C12, C13). Study on Poisson’s ratio confirmed that the higher ionic or

weaker covalent contribution in intra-atomic bonding for Ti2SC should be assumed and the nature of ionic increased

with pressure. The ratio (B/G) of bulk (B) and shear (G) moduli as well as B/C44 demonstrated the brittleness

of Ti2SC at ambient conditions and the brittleness decreased with pressure. Moreover, the isothermal and adiabatic

bulk moduli displayed opposite temperature dependence under different pressures. Again, we observed that the Debye

temperature and Grüneisen parameter show weak temperature dependence relative to the thermal expansion coefficient,

entropy, and heat capacity, from which the pressure effects are clearly seen.
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1. Introduction

The Mn+1AXn phases, where M is an early tran-

sition metal, A is an A-group element (mostly IIIA

and IVA elements), X is either C or N and n varies

from 1 to 3, have attracted more and more attention

during recent years due to the fundamental proper-

ties usually associated with metals and ceramics.[1]

Their excellent electronic properties[2,3] are compara-

ble to or higher than those of the constituent tran-

sition metals, which had not been anticipated till

now.[4] In addition, their unusual mechanical prop-

erties have also been extensively utilized in industry

production.[5,6] The unique combination of metallic

and ceramic properties including high strength and

stiffness under high temperatures, resistance to oxida-

tion and thermal shock, as well as high Young’s mod-

ulus, low hardness, and ultra-low solid friction coeffi-

cients etc.[1,7−13] are promising for high-temperature

applications.

Furthermore, for some nanolaminates, low-

temperature superconductivity was discovered.[4,14−17]

As we all know, the structural parameter of the M

atom (Mn+1AXn) shifts with pressure and thus be-

haves with a different variation mechanism relative

to the other hexagonal lattice with similar structures.

Under pressure, elements usually become denser as

the atoms and molecules get closer together and

the occupied volume decreases, non-metals becom-

ing metals and even superconductors.[18] Under high
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pressure, the light alkali elements Li[19] and Na[20]

undergo unusual metal-to-semiconductor transition.

Moreover, the transparent dense sodium[20] is par-

ticularly striking as it has challenged the traditional

theory. Also, a new ultra-hard form of carbon may ex-

ist between graphite and diamond.[21] To date, more

than 50 M2AX compounds have been determined.[1]

Ti2SC, a member of the M2AX compounds, has re-

cently attracted increasing attention due to its unique

structural characteristics.[12,22] Very recently, the fully

dense Ti2SC was synthesized[12,22] and it exhibits the

highest thermal conductivity and Young’s modulus

at room temperature. Sulfur containing ternaries,

as well as P and As, have a considerably shorter c-

axis lattice parameter than those of the other MA2X

compounds. This results in the lowest c/a ratio of

the M2AX compounds and is thus expected to ex-

hibit different properties. For instance, Nb2SC is a

known superconductor, with a transition temperature

of 3–5 K depending on C concentration.[15]

Recently, first-principles calculations have been

successfully used to reveal and predict the structural,

mechanical, and physical properties of many M2AX

phases.[23−25] The electronic structure,[25−27] as well

as the elastic[26−28] and thermodynamic[28] properties

(under ambient conditions) of Ti2SC has been calcu-

lated. The equation of the state of Ti2SC has been

measured[29] by synchrotron radiation X-ray diffrac-

tion under pressure to 47 GPa, and the hardness[12]

has been determined to be 8 GPa. However, the

detailed theoretical studies on elastic properties and

thermodynamic properties under high temperature

and high pressure have never been fully investigated.

Therefore, it is necessary to carry out an extensive in-

vestigation on the elastic and thermodynamic proper-

ties for Ti2SC to reveal the origin of the excellent prop-

erties. First-principles calculations[30−43] offer one of

the most powerful tools for carrying out theoretical

studies of these properties.[18−20,44−50]

2. Computational methods

In the electronic structure calculations, we have

used the non-local ultrasoft pseudopotential intro-

duced by Vanderbilt,[51] together with the Perdew

and Wang’s PW91 generalized gradient approxima-

tion (GGA) exchange-correlation function.[52,53] The

current selected computational model has been val-

idated by the most recent experimental results.[29]

Considering the computational cost, a plane-wave ba-

sis set with an energy cut-off 500.0 eV has been

applied, and the 9×9×2 Monkhorst–Pack mesh has

been used for the Brillouin-zone k-point sampling.[29]

Pseudo atomic calculations have been performed for

Ti 3s23p63d24s2, S 3s23p4, and C 2s22p2, where the

self-consistent convergence of the total energy is at

5.0×10−7 eV/atom. All the electronic calculations

are performed by the Cambridge Serial Total Energy

Package (CASTEP).[54,55] It is found that these model

parameters are sufficient in leading to well converged

total energy and geometrical configurations.[56,57]

3. Results and discussion

3.1.Geometry optimization

Ti2SC crystallizes in the P63/mmc (194) space

group and there are 8 atoms[12,22,26,29] in one unit

cell; the detailed crystal structure investigations have

been reported elsewhere.[26,29] According to the space

group constraints, the Ti atoms are located at (1/3,

2/3, z), S atoms at (1/3, 2/3, 3/4) and C atoms at

(0, 0, 0). Thus, the stable geometry can be uniquely

determined by the lattice constants a (b = a) and c,

as well as the structural parameter z. The detailed

optimization process for P63/mmc space symmetric

group has been extensively described elsewhere.[4,25]

The optimized stable geometry with lattice parame-

ters a = b = 3.204 Å, c = 11.25 Å, is consistent with

the experimental data and other theoretical values and

the optimized structural parameter of the Ti atom also

agrees well with other theoretical reports (see Table 1

in details). The obtained pressure dependence of the

lattice volume shows excellent agreement with exper-

imental measurement,[29] as is shown in Fig. 1.
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Fig. 1. (colour online) The obtained pressure-volume re-

lations of Ti2SC, the experimental data are taken from

Ref. [29]. Insert is the normalized axial compressibility.
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Table 1. The stable lattice parameter (Å) and the bulk modulus B0 (GPa), shear modulus G (GPa) and

Young’s modulus E (GPa). Third-order Birch–Murnaghan (P = (3/2)B0[(V/V0)−7/3−(V/V0)−5/3]{1−(3/4)(4−
B′)[(V/V0)−2/3 − 1]}) equation is used to fit B0 and B′ within 0–200 GPa.

Ti2SC a0 c0 u c0/a0 B0 B′ G E B/C44

GGA/PW91 3.204 11.25 0.0988 3.5112 182.86 4.0 134.09 297.21 1.17

exp.[28] 3.204 11.211 145 125 290

exp.[29] 3.208(1) 11.21(1) 3.4944 191(4) 4.0(0.3)

exp.[68] 3.216 11.22 3.4888

exp.[69] 3.2046(1) 11.2093(3) 3.498 191(3) 125

exp.[12] 3.205 11.208 3.497 145 125 316(2)

DFT[26] 3.211 11.239 0.0993 181 134 322

DFT[63] 3.1432 11.0509 0.0998 204.08 4.22 150.0 363.0

DFT[29] 3.21 11.29 3.5171 183 4.1

DFT[12] 3.186 11.231 0.0993 176

DFT[22] 145

DFT[69] 179 139

DFT[24,65] 1.2–1.7

DFT[24,70] 1.15–1.33

DFT[28] 3.205 11.264 3.515 179 138 329

DFT[71] 181

DFT[27] 3.206 11.236 0.0992 3.5047 179.85 4.13 124.81

DFT[72] 3.208 11.27 177 134 321

The experimental measurement[29] are performed

up to 47.5 GPa; in order to investigate in depth the

thermo-elastic dynamic stability under higher pres-

sures, we have extended the pressure range to 200

GPa. From Fig. 1 we confirmed that the current se-

lected computational methods are reliable, thus all

of the following calculations are carried out by the

same methods as GGA/PW91. Figure 2 reveals

the structural parameter variations of the Ti atom

with pressure by GGA/PW91 and localized density

approximation for the Ceperly–Alder and Perdew–

Zunger exchange-correlation function (LDA/CAPZ)

(using the same accuracy with that of GGA method

for confirmation purpose), respectively.
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Fig. 2. (colour online) The structural parameter of the

Ti atom varies with pressure.

3.2. Elastic properties

Elastic properties of solids are closely related

to many fundamental solid-state properties, such as

equation of state, specific heat thermal expansion,

Debye temperature, Grüneisen parameter and so on.

From the elastic constants, one can obtain impor-

tant information about the binding characteristics, the

anisotropic feature, and the structural stability. The

calculated elastic constants are shown in Fig. 3, from

which we can see that the five independent elastic con-

stants behave with almost linear relationships with

the applied pressures. The larger longitudinal elastic

constants (C33, C11) relative to transverse ones (C44,

C12, C13) and the stiffer c-axis compressibility (shown

in Fig. 1) than that of a-axis revealed that c-axis

is much stiffer in Ti2SC. Moreover, it is found that

C11 and C33 vary more largely under pressure than

those of C12, C13, and C44. The C11 and C33 are

related to the deformation behavior and atomic bond-

ing characteristics. As is shown in Fig. 4, the current

C33 > C11 means that the atomic bonds along the

[001] planes between nearest neighbors are stronger

than those along the [100] plane. Besides, the larger

C33/C11 (1.0656) and smaller C13/C12 (1.0586) mean

that the atomic bonds along the c-axis are identical

with those of a-axis at 0 GPa. The calculated elastic

constants under different pressures are shown in Ta-

ble 2. According to the well-known elastic stability
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criteria,[58] i.e.,

C12 > 0, C33 > 0, (C11 − C12)/2 > 0,

C44 > 0, (C11 + C12)C33 − 2C2
13 > 0, (1)

we found that Ti2SC is mechanically stable up to

200 GPa.
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Fig. 3. (colour online) The elastic constants of Ti2SC

versus the external pressures at 0 K.

Table 2. The calculated elastic constants (GPa) of Ti2SC,

together with the other theoretical results at 0 GPa.

C11 C33 C44 C12 C13

Present 333 355 156 94 100

DFT[69] 339 354 162 90 100

DFT[63] 368(2) 395(1) 189(1) 108(2) 123(1)

DFT[26] 336 348 163 106 99

DFT[27] 318.51 351.11 148.56 101.42 105.79

DFT[72] 331 348 157 98 97
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Fig. 4. (colour online) Axial bulk moduli of Ti2SC at 0 K.

The mechanical anisotropy of Ti2SC can be eval-

uated from the bulk moduli along the a and c axes,

Ba and Bc, respectively,
[59]

Ba = a
dP

da
=

Λ

2 + α
, (2)

Bc = c
dP

dc
=

Ba

α
, (3)

Λ = 2(C11 + C12) + 4Cα
13 + C33α

2, (4)

α =
C11 + C12 − 2C13

C33 − C13
. (5)

The calculated Ba and Bc with pressure are pre-

sented in Fig. 4. It seems that Ba and Bc increase lin-

early with pressure, and the former is always smaller

than the latter. Further analysis shows that Bc/Ba

tends to gradually increase with pressure, which may

reveal that the mechanical behavior of Ti2SC under

pressure is of anisotropy.

It is known that the acoustic velocities are

obtained from elastic constants by the Christoffel

equation[60]

(Cijklnjnk −Mδil)µi = 0, (6)

where M = ρν2, Cijkl is the fourth rank tensor de-

scription of the elastic constants, n is the propagation

direction, and µ is the polarization vector. The acous-

tic anisotropy is defined as[61]

∆i =
Mi[nx]

Mi[100]
, (7)

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 solving the Christoffel equation for Ti2SC,

the anisotropy of the compression wave is calculated

from

∆P =
V 2
l (0

◦)

V 2
l (90

◦)
=

C33

C11
. (8)

The anisotropies of the wave polarized perpendicular

to the basal plane (S1) and to the basal plane (S2) are

calculated from

∆S1 =
C11 + C33 − 2C13

4C44
, (9)

∆S2
=

V 2
t (0

◦)

V 2
t (90

◦)
=

2C44

C11 − C12
. (10)

Where ∆P shows the anisotropy of the compression

wave, ∆S1 and ∆S2 denote the shear waves, V (90◦)

and V (0◦) are the in-plane and c-axis ultrasound

velocities, respectively. For an elastically isotropic

solid, ∆P = ∆S1
= ∆S2

= 1. The obtained elastic

anisotropy factors for Ti2SC are shown in Fig. 5, from

which we see that ∆S2 increases rapidly and ∆P in-

creases slightly with pressure, whereas ∆S1 decreases
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with pressure. The different variation trends con-

firmed the anharmonicity of the acoustic vibrations.
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Fig. 5. (colour online) Elastic anisotropy of Ti2SC at 0 K.

As we all know, the isothermal and adiabatic bulk

moduli exist with small differences owing to the very

small thermal expansion coefficient α and Grüneisen

parameter γ, BS = BT(1 + αγT ). However, it is

important to investigate the relations to reveal the

effect under pressure and temperature. Our calcu-

lated isothermal and adiabatic bulk moduli variations

with pressure and temperature are shown in Fig. 6.

Through the present calculations we found that the

adiabatic bulk modulus (BS) increases with tempera-

ture at 0 GPa and then decreases under higher pres-

sures. In contrast with BS, the isothermal bulk moduli

(BT) displayed similar tendencies with only a mini-

mum at 0 GPa. The current investigations confirmed

that BS is always larger than BT over wide pressure

and temperature ranges and both of them increase

with pressure at 0 K.
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Fig. 6. (colour online) Isothermal (BT) and adiabatic

(BS) bulk moduli of Ti2SC under different temperatures

and pressures: (a) 0 GPa, (b) 60 GPa, (c) 120 GPa, (d)

180 GPa.

3.3.Thermodynamic properties

Poisson’s ratio is generally used to quantify the

stability of the crystal against shear and provides more

information about the characteristics of the bonding

forces than the elastic constant. Usually it ranges from

−1 to 0.5, the value of the Poisson’s ratio for covalent

materials is small (σ = 0.1), whereas for ionic mate-

rials a typical value[62] of σ is 0.25. In our cases the

values of σ for Ti2SC vary from about 0.2058 (consis-

tent with the theoretical report 0.20,[26] 0.2035,[63] and

0.19,[28] as well as experimental measurement 0.16[28])

to 0.3325 in the pressure range of 0–200 GPa (see

Fig. 7). It means that a higher ionic or weaker co-

valent contribution in intra-atomic bonding for Ti2SC

should be assumed.
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Fig. 7. Poisson’s ratio of Ti2SC as a function of pressure

at 0 K.

Besides, for covalent and ionic materials, the typ-

ical relations between bulk and shear moduli are G ≈
1.1B and G ≈ 0.6B, respectively. For our case the cal-

culated values of G/B are in the interval from 0.7489

at 0 GPa to 0.3771 at 200 GPa, which indicates that

the ionic bonding is more suitable for Ti2SC. On the

other hand, to evaluate material ductility or brittle-

ness, Pugh[64] introduced the B/G ratio: the mate-

rial is brittle if the ratio is less than the critical value

(1.75) or the material is ductile if the ratio G/B is

below 0.57. In particular, it is evident that our Ti2SC

samples are brittle which is consistent with the avail-

able theoretical result[26] obtained from the ratio[24,65]

of B/C44 with a value of 1.3353 under ambient con-

ditions (see Fig. 8). Moreover, the current B/C44 is

1.17, below the typical members of M2AX phases 1.2–

1.7, also meaning that Ti2SC samples may be more

brittle under ambient conditions. However, the brit-

tleness decreased with pressure, for instance, the B/G

rises to 2.6519 at 200 GPa.
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Fig. 8. (colour online) Brittleness and ductileness of

Ti2SC as a function of pressure at 0 K.

The thermodynamic properties of Ti2SC are ob-

tained by the quasi-harmonic Debye model, in which

the phonon effects are considered, the calculated de-

tails can be seen elsewhere.[66] From which we have

investigated many important thermodynamic proper-

ties. The Debye temperature is a fundamental pa-

rameter of a material, linked to many physical prop-

erties such as specific heat, elastic constants, and

melting point. The Debye temperature at various

temperatures and pressures is presented in Fig. 9.

Our calculated Debye temperature at T = 0 K is

808.95 K, which is in agreement with the theoretical

result 800 K[63] and slightly larger than the experimen-

tal measurement 631 K,[67] 765(15) K[28] and 745 K[28]

as well as the DFT result 735 K.[28] From Fig. 9, we

can obtain: (a) When the pressure remains constant

(0, 60, 120, and 180 GPa), the Debye temperature al-

most linearly decreases with temperature. Moreover,

the Debye temperature increases with the pressures

and the increment decreased with the same pressure

interval. Again, it is found that the Debye tempera-

ture decreased very slowly with temperatures under

higher pressure. (b) When the temperature keeps

constant (0, 600, and 1800 K), the Debye tempera-

ture almost linearly increases with applied pressures.

Moreover, the Debye temperature at 1800 K is slightly

lower than that at 0 K and the discrepancy seems to

disappear under higher pressures. The current inves-

tigations demonstrated that the Debye temperature

shows strong pressure and weak temperature depen-

dences.

The Grüneisen parameter at various temperatures

and pressures is presented in Fig. 10. From which

we can obtain: (a) When the pressure keeps con-

stant, the Grüneisen parameter almost linearly de-

creases with applied temperatures at 0 GPa, whereas

the Grüneisen parameter behaves with a very slight

increase at higher temperatures and the dependence

decreased under higher pressures. (b) When the tem-

perature keeps constant, the Grüneisen parameter al-

most linearly decreases with applied pressures only ex-

cept an increase under pressure below 14 GPa. The

discrepancy between different temperatures under the

same pressure is very small, particularly under higher

pressures, as is consistent with the case of the Debye

temperature.
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Fig. 9. (colour online) Debye temperature of Ti2SC as a

function of external conditions (P , T ) under (a) different

pressures and (b) different temperatures.
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Fig. 10. (colour online) Grüneisen parameter of Ti2SC as

a function of external conditions (P , T ) under (a) different

pressures and (b) different temperatures.

The thermal expansion coefficient (α) variations

with temperatures and pressures for Ti2SC is pre-

sented in Fig. 11. From Fig. 11(a) it is clearly seen

that α increases rapidly at low temperatures and the

increasing trend becomes gentler. The effects of pres-

sure on the thermal expansion coefficient are smaller

at low temperatures than at high temperatures. In

Fig. 11(b), as pressure increases, the thermal expan-

sion coefficient decreases rapidly and the pressure de-

pendence decreases. Moreover, the discrepancy at

1200 and 1800 K is small and the high temperature

response is rapidly decreased. By further analysis

of Figs. 11(a) and 11(b), we found that thermal ex-

pansion coefficient has experienced rapid changes at

lower temperature (below 500 K) and pressure (below

50 GPa), and the lower the temperature/pressure is,
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the faster the thermal expansion coefficient changes.

It can be found that the thermal expansion coefficient

converges to a constant value at high temperatures

and high pressures. Figure 11 reveals the strong low

temperature and pressure dependences of the thermal

expansion coefficient.
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Fig. 11. (colour online) Thermal expansion coefficient of

Ti2SC as a function of external conditions (P , T ) under

(a) different pressures and (b) different temperatures.

According to the Debye temperature, we can cal-

culate the lattice entropy (S) under different pressures

and temperatures, as is shown in Fig. 12. From which

we can see that: (a) When the pressure keeps con-

stant, the lattice entropy increases monotonously with

temperature. (b) When the temperature keeps con-

stant, the lattice entropy decreases monotonously with

pressure. The current investigations demonstrated

that the lattice entropy behaves with strong pressure

and temperature dependence.
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Fig. 12. (colour online) Lattice entropy of Ti2SC as a

function of external conditions (P , T ) under (a) different

pressures and (b) different temperatures.

The heat capacity at constant pressure CP and

heat capacity at constant volume CV with tempera-

ture T and pressure P are systematically investigated

to clarify their subtle discrepancy in a solid substance

as the present Ti2SC has behaved with weak higher

temperature responses, as is shown in Fig. 13. As we

all know, the difference between CP and CV is very

small under low temperatures. However, under high

temperatures, the CV approaches a constant value,

CP increases monotonously with temperature. The

values follow the Debye model under low temperature

(CV (T )–T
3) and the classical behavior (CV (T )–3R

for mono-atomic solids) is found under high enough

temperatures, obeying the Dulong–Petit’s limit rule.

From Fig. 13 one could see that the discrepancy be-

tween the CP and CV is negligible until up to 200 GPa

under lower temperatures (such as below 300 K),

whereas the discrepancy increases with temperatures

(as the plot at 600, 1200, and 1800 K). Moreover, the

temperature induced discrepancy decreases with pres-

sure, and the larger discrepancy can only be found

above 1200 K.
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Fig. 13. (colour online) Heat capacity of Ti2SC varies

with pressure under different temperatures: (a) 300 K,

(b) 600 K, (c) 1200 K, (d) 1800 K.

From Fig. 14 we see that both the CV and CP

increase with temperature at 0 GPa. Meanwhile, the

temperature dependence of the CV and CP are cal-

culated and show reasonable agreement with experi-

mental measurement[67] (only except the evident dis-

crepancy with the experiment for CP under higher

temperatures, including the present calculated results

and other available theoretical results.[67]) From the

current investigations we found that the discrepancy

between CV and CP is small under lower temperatures

and increases with temperature. On the other hand,

the discrepancy decreases with pressure, such that the

discrepancy could be reasonably neglected at 180 GPa

under the whole temperature range of 0–2000 K. By

comparing CV and CP , we found that CP has expe-

rienced stronger pressure dependences particularly at

higher temperatures.
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Fig. 14. (colour online) Heat capacity of Ti2SC varies with temperature under different pressures, the experi-

mental and theoretical data are taken from Ref. [69] (a) 0 GPa, (b) 60 GPa, (c) 120 GPa, (d) 180 GPa.

4. Conclusions

We have performed comprehensive elastic and

thermodynamic property investigations for Ti2SC for

the first time. Our calculations on elastic constants

demonstrated that Ti2SC is stable up to 200 GPa and

no phase transition has been detected. The structural

coordinate parameter investigations of the Ti atom

confirmed its pressure dependence. The Poisson’s ra-

tio calculations demonstrated that a higher ionic or

weaker covalent contribution in intra-atomic bond-

ing for Ti2SC should be assumed and the nature of

ionic increases with pressure. Moreover, the G/B and

B/C44 also revealed that Ti2SC is brittle and the brit-

tleness decreases with pressure. The heat capacities

CV and CP investigations show that the discrepancy

between them is very small under lower temperatures

(below 300 K), whereas the discrepancy increased with

temperature under low pressure and decreased under

high pressure. Our calculations further exhibit that

the adiabatic bulk moduli BS increases with temper-

ature at 0 GPa and then decreases under higher pres-

sures. In contrast with BS, the isothermal bulk modu-

lus BT displayed similar variation tendencies with the

only exception of a minimum value at zero pressure.

The current investigations confirmed that BS is always

larger than BT over wide pressure/temperature ranges

and both of them increase with temperature at 0 GPa.

Moreover, we have extensively studied Debye temper-

ature, Grüneisen parameter, thermal expansion coef-

ficient and entropy. Analysis of the above four quanti-

ties suggests that they have displayed strong pressure

and certain temperature dependences with the only

exceptions of Debye temperature and Grüneisen pa-

rameter as both of them have experienced very weak

temperature responses.
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