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the Fermi level.

The structural, elastic and electronic properties of Nb,SnC under pressure were investigated by using
first-principles plane-wave pseudo-potential density functional theory within the generalized gradient
approximation (GGA). We find that the compressibility along the c-axis was lower than along the a-axis
for pressures lower than 4 GPa, while the elastic constants, elastic modulus and the Debye temperature
0p of Nb,SnC increase monotonically as the pressure increases. Finally, the density of states (DOS) at the
Fermi level decreases with increasing pressure, due to the decrease of the contribution of Nb 4d states at

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ternary carbides and nitrides M,.;AX, (MAX-phases), where
n=1, 2, or 3 refers to 211, 312, and 413 crystal structures, respec-
tively, have recently been the subject of much research [1-3]. M
denotes an early transition metal, A is a metametal (a group IIIA
or IVA element), and X is either carbon or nitrogen [4]. These lay-
ered ternary compounds exhibit a technologically important com-
bination of metallic and ceramic properties, with high strength and
stiffness at high temperatures, resistance to oxidation and thermal
shock. In addition, they present high electrical and thermal con-
ductivities [5]. These macroscopic properties are closely related
to the underlying electronic and crystal structures of the constitu-
ent elements and their stacking sequence.

In this family of carbines, only six low-temperature supercon-
ducting materials have been discovered: Mo,GaC (T.=4K [6]),
Nb,SC (T, =5K [7]), NbpSnC (T, = 7.8 K [8]), Nb,AsC (T.=2K [9]),
Ti,InC (T, = 3 K [10]), and Nb,InC (T, = 7.5 K [11]). Let us note that
for the majority of the other MAX phases experimental or theoret-
ical researches of their superconductivity are still absent.

Elastic properties of solids are closely related to many funda-
mental solid state properties, such as equation of state EOS, specific
heat, thermal expansion, Debye temperature, Gruneisen parameter
and melting point. From the elastic constants, one can obtain valu-
able information about the binding characteristics between adja-
cent atomic planes, the anisotropic character of the bonding, and

* Corresponding author. Tel.: +52 5 622 4635; fax: +52 5 616 1251.
E-mail address: rauleg@unam.mx (R. Escamilla).

0927-0256/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.commatsci.2011.11.038

the structural stability. On the other hand, the behavior of these
materials under pressure, based on calculations or measurements,
has become quite interesting in the recent years as it provides in-
sight into the nature of the solid-state theories and determines the
values of fundamental parameters.

In the present paper, we would like to deepen our understand-
ing of these systems under pressure by the determination of their
structural, elastic, electronic properties, using first-principles
plane-wave pseudopotential density functional theory within the
generalized gradient approximation (GGA). The paper is organized
as follows: in Section 2, we give the technical details of the em-
ployed methods. Section 3 is devoted to the structural properties.
In Section 4, we present our calculations of elastic constants, the
bulk and shear moduli, derived from Voigt-Reuss-Hill approach
using both methods. Mechanical properties of the polycrystalline
state are also derived. We have left for Section 5 the electronic
and the bonding nature of these compounds. Finally, we summa-
rize our main finding in Section 6.

2. Methods of calculation

The calculations presented in this work were performed by
employing the Cambridge Serial Total Energy Package software
(CASTEP), with the plane wave pseudopotential code [12,13]. The
correlation functional GGA-PW91 [14] was used in the calculations
plane-wave basis set with 360 eV energy cut-off. For the sampling
of the Brillouin zone a Monkhorst-Pack grid [15] of 9 x 9 x 8 k-
points was employed. The convergence tolerances were set as
follows: 107%eV/atom for the total energy, 0.002eV/A for the
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Table 1
Structural parameters of Nb,SnC compound under pressure.
Pressure a (A) c(A) cla z Unit cell-
(GPa) volume (A3)
0.0 3.263 13.906 4.262 0.0821 128.25
2.0 3.254 13.827 4.249 0.0823 126.77
4.0 3.237 13.817 4.268 0.0827 12541
6.0 3.223 13.772 4.273 0.0830 124.10
8.0 3.214 13.730 4272 0.0832 122.85
10.0 3.203 13.688 4.273 0.0836 121.64
Exp.? 0.0 3.220 13.707 4.26 0.0830 123.08
Calc® 0.0 3.2006 13.5345 4.2287 0.0846 120.07
2 Ref. [8].
b Ref. [16].

maximum force on atoms, 104 A for the maximum atomic dis-
placement, and 0.003 for the maximum strain amplitude.

3. Geometry and structure optimization

The considered superconducting Nb,SnC phase possess the hex-
agonal structure with a space group P6s/mmc (No. 194), where
blocks of transition metal carbides [NbC] (formed by edge-shared
NbgC octahedra) are sandwiched with Sn atomic sheets. The
Wyckoff positions of atoms in Nb,SnC are C: 2a (0,0,0), Sn: 2d
(1/3,2/3,3/4), and Nb atoms: 4f (1/3,2/3,z), where z is 0.083.

The calculated equilibrium structural parameters of the Nb,SnC
compound under pressure are shown in Table 1, together with
other theoretical results [16,?] and experimental data [8]. In
Fig. 1a, we exhibit the pressure dependence of the normalized lat-
tice parameters c/a, a/ag, and c/cy as well as the normalized volume
V|Vy (where ag, cg, and Vy are the zero pressure equilibrium struc-
tural parameters [8]). The normalized intermolecular distances r;/
10 and /a0 (Where ¢ and r,q are the zero pressure equilibrium
distances of Nb-Sn and Nb-C, respectively) are shown in Fig. 1b.
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Fig. 1. (a) The normalized volume V/Vj, a/ay, c/co, and c/a as a function of pressure

at T=0 and (b) variation of the normalized distance r/ro between the atoms with
pressure.

We notice in Fig. 1a that, when pressure increases, the equilib-
rium ratio c/a ranges from 4.262 at 0 GPa to 4.249 at 2 GPa, a de-
crease of about 0.30%; however, when pressure rises from 4 to
10 GPa, the increase is 0.11%. Therefore, the compressibility along
the c-axis was lower than along the a-axis in the basal plane for
pressures lower than 4 GPa. Data shown in Fig. 1b indicate that
the curve of ry/r;o (the distance between the Nb atom and the Sn
atom) becomes steeper than the corresponding one of /1y, as
pressure increases, indicating that the direction along Nb-Sn is
more easily compressed. These results are in agreement with
weaker Nb-Sn bonds that determine the size c lattice parameter.
Moreover, the atoms in the interlayers become closer, and the
interactions between them becomes stronger; contractions of
Nb-Sn and Nb-C interatomic distances under pressure result in
the change of bonding anisotropy of Nb,SnC structure, which in-
duces the variety of electronic structure.

4. Elastic stiffness tensor calculation

The structure of Nb,SnC compound is hexagonal and there are
six elastic stiffness constants, Cq1, Cy2, Cy3, C33, C44, and Cgg [18],
five of them are independent since Cgg =(C;; — C;2)/2. Because a
polycrystalline material can be treated as an aggregate of single
crystals at random orientation, there will be two possible extreme
cases for external load, known as: Voigt and Reuss approximation
[19,20]. The former means that a uniform strain in a polycrystal is
equal to the applied external strain while the latter indicates the
equality of the uniform stress to the external stress. For hexagonal
lattices, the Reuss and Voigt shear (Gg and Gy) and the Reuss and
Voigt bulk modulus (K and Ky) can be defined as:

C44Ces {C33(C11 +Ci2) — 2C%3]

Ge=2 . M
3Ky CasCop + (Caa + Cos) [C33(C11 +Ci2) — 2C13]

1
Gy = %(CH + Cip +2C33 —4C13 + 12Cy4 + 12C56) (2)
_ C33(Ci1 +Ci2) — 2C§3 (3)

* 7 Cii+ Cip +2GC53 — 4Cis

1

Kv=§[2(cn + Ci2) + C33 +4Cy3) (4)

Consequently, the elastic moduli of the polycrystalline material
can be approximated by Hill’s average [21]: G =1(Gg + Gy) for
shear moduli and K = %(KR + Ky) for bulk moduli. Using these val-
ues, the Young's modulus, E, and Poisson’s ratio, g, can be obtained
by:

9KG
“3K+G )
and
3K - 26G
=236K+0) ®)

In order to measure the elastic anisotropy of polycrystalline
samples, we have calculated the percentage of anisotropy for the
bulk and shear moduli. They are defined as [22]:

Ky — Kg

A = (100)m (7
and

Gy — Gg
Ac = (100 8
¢ =(100) 2 ®)

These values can range from zero (isotropic) to 100%, the maximum
anisotropy.



144 M. Romero, R. Escamilla/Computational Materials Science 55 (2012) 142-146

As an important fundamental parameter, the Debye tempera-
ture (0p) is closely related to many physical properties of solids
such as the specific heat and the melting temperature. One of the
standard methods to calculate the Debye temperature is from elas-
tic constants data, since 6p may be estimated from the average
sound velocity (), by the following equation [23],

~ h[3n (Nap\1""?
Op = X {E <V>} Unm, 9)

where h is Plank’s constant, k is Boltzmann’s constant, N, is Avoga-
dro’s number, p is the density, M is the molecular weight and n is
the number of atoms in the molecule. The average sound velocity
v is given by:

1/2 1\1'"?
I e 10
=30 a)] 10
where v and v, are the longitudinal and transverse elastic wave

velocities, respectively, which are obtained from Navier’s equations
as follows [24]:

3K + 4G
v = T (11)

and

G
v = ﬁ (12)

where p is the density, K is the bulk modulus and G is the shear
modulus.

The mechanically stable phases or macroscopic stability are
dependent on the positive definiteness of stiffness matrix [25].
For hexagonal lattices, must be carry out the conditions known
as the Born criteria [26]: Cy1>0, (Ci1 —Cy2)>0, C44>0 and
(Ci1 + C12)Cs3 — 2C%, > 0. Our elastic constants calculations, shown
in Table 2, completely satisfy the above conditions, indicating that
the hexagonal phase of the Nb,SnC compound is mechanically sta-
ble. Moreover, our values are consistent with previously reported
values [16,17]. The brittleness of these compounds is indicated
by the small values of C;, and C;3 among all the five constants.
Both the large (C;3/C;3) ratio and the small (C33/C;1) one indicate
that the atomic bonding length along the a-axis is stronger than
the one corresponding to the c-axis; this fact is consistent with
the crystal structure of the Nb,SnC compound which is a lay-
ered-type with the layers perpendicular to the c-axis.

The hardness of a material is defined by its elastic moduli: bulk
modulus (K), a measure of resistance to volume changes by applied
pressure, and shear modulus (G), a measure of resistance to revers-
ible deformations upon shear stress [27]. Generally, the search for
hard materials is simplified by searching for materials with large
bulk modulus or shear modulus, because there is a direct relation
between bulk modulus, shear modulus and hardness [28].

Fig. 2 shows the K and G elastic moduli and unit cell-volume as
a function of pressure. We can observed that K and G increase
while the unit cell-volume decreases under pressure, meaning that
the hardness and the compression of the material increases under
pressure. At 0GPa, the bulk modulus of Nb,SnC compound
(237 GPa) is slightly higher than the corresponding for others well
known superconducting materials, such as MgB, (K= 139.3 GPa),
MgCNi; (170.4 GPa),YBCO (138 GPa) and YNi,B,C (200 GPa)
[29-32].

An evaluation criterion of ductility or brittleness of a material, is
through of the ratio K/G, according to this criterion a K/G < 1.75 im-
plies that the material is brittle [33]. From Table 2 it is evident that
the Nb,SnC compound is not brittle. On the other hand, in order to
determine through elastic properties if our material is covalent or

Table 2

Elastic constants (Cj), bulk modulus (K), shear modulus (G),Young modulus (E),
Poisson’s ratio (v) and percentage of anisotropy for the bulk (Ak) and shear (Ag) of
Nb,SnC compound under pressure.

Pressure (GPa) Ci1 Ci2 Ci3 Cs3 Caq
0.0 286.5 91.5 126.8 288.5 99.8
2.0 298.5 96.3 133.7 297.1 109.9
4.0 311.7 101.0 136.8 306.3 115.6
6.0 323.6 106.7 140.6 308.9 120.0
8.0 332.0 1105 145.1 316.1 124.0
10.0 338.7 112.7 148.8 3215 129.5
Calc.? 0.0 315 99 141.0 309.0 124.0
Calcb 0.0 254.8 100.8 120.0 243.0 58.9
Pressure K G KIG E v Ak Ac
(GPa) (GPa) (GPa) (GPa)
0.0 1711 933 1.83 2369 0.271 0.200 0.678
2.0 1799 986 1.82 2501 0.270 0.176 0.993
4.0 186.3 1033 1.80 261.6 0266 0.115 0.963
6.0 1923 1065 1.81 269.6 0.266 0.043 1.054
8.0 1979 109.1 1.81 276.6 0.267 0.040 1.130
10.0 202.1 1122 1.80 284.0 0.265 0.039 1.314
Calc® 0.0 1711 66.8 - 1773 033 - -
2 Ref. [16].
b Ref. [17].

metallic we have considered the Poisson Ratio criterion (v)[34],
covalent materials v =0.1 and metallic ones is between 0.25 and
0.35. In our case, the value of v is around 0.27 (see Table 2), which
is indicative of metallic contribution in intra-atomic bonding.
However this character decreases under pressure.

The Debye temperature calculated from the elastic constants at
different pressures, is shown in the Table 3. We observe that the
Debye temperature increases under compression due to stiffening
of the lattice. It is well known that phonon stiffening will reduce
electron phonon coupling constant and hence T, (see Fig. 3). The
comparison of the 0p of Nb,SnC obtained at 0 GPa with those re-
ported by others, show us that our value is similar to the calculated
by Anderson [23] and Kanoun et al. [35] but, is significantly higher
than the one reported by Lofland et al. [36].

5. Electronic and bonding properties under pressure

Finally, the effects of pressure on the density of states (DOS) of
Nb,SnC are examined, for pressures varying in the range from 0 to
10 GPa. Fig. 4a displays the pressure dependence of the total
density of states of Nb,SnC near the Fermi level, (vertical line is
the Fermi level Eg). The calculated equilibrium density of states
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Fig. 2. Unit cell-volume, K and G elastic moduli of Nb,SnC compound under
pressure.
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Table 3
Debye temperature (0p) and velocity of sound (#,) of Nb,SnC compound under
pressure.

Pressure (GPa) U (M/s) (0p)
0.0 3569.7 421.5
2.0 3647.3 432.3
4.0 3710.8 441.4
6.0 3747.8 447.4
8.0 3776.3 452.3
10.0 3808.0 457.6
Calc.? 0.0 - 469
Calc. 0.0 - 479.70, 511.74
Exp.© 0.0 - 380
Exp.d 0.0 - 324
2 Ref. [16].
b Ref. [35]. (Using FP-LAPW and PP-PW respectively).
¢ Ref. [36].
d Ref. [37].

at the Fermi level Er (P =0 GPa) is 3.44 electrons/eV, which is in
agreement with those reported by others [35]. Fig. 4b shows the
partial densities of states (PDOS) of the d electrons of Nb and the
p electrons of Sn and C at P=0 and 10 GPa. Hence, we may con-
clude that Nb,SnC is a better conductor a zero pressure. Our under-
standing of this behavior can be improved by examination of the
partial densities of states PDOS at 0 GPa in the Fig. 4b. In the energy
range from —7 to —1.5 eV, the C 2p PDOS has the same shape as the
4d electronic states of Nb atoms located between C layers. It is
indicative of a hybridization between Nb 4d and C 2p states and
thus of a covalent interaction. In the energy range from —1.7 to
—0.2 eV, the Sn 5p states interact mainly with the Nb 4d states.
The energy of the Sn 5p-Nb 4d hybrids is higher in energy than
the C 2p—Nb 4d ones (i.e. closer to the Fermi level) suggesting that
Nb-C bonds are stronger than Nb-Sn bonds. It is this strong C 2p-
Nb 4d hybridization which stabilizes the structure of Nb,SnC, a
general trend in MAX phases. We may describe the bonding picture
in Nb,SnC as a mixture of covalent, metallic and ionic interactions.
In addition the above mentioned covalent Nb-C and Nb-Sn bonds,
the metallic-like Nb—Nb bonding occurs owing to the overlap of the
near - Fermi Nd 4d states, the mentioned ionic contribution is due
to the difference in electronegativity between the compressing ele-
ments: Nb (1.60), C (2.55) and Sn (1.96). In the vicinity of the Fermi
level, Nb 4d states dominate and should contribute to the conduc-
tion properties of Nb,SnC. According to the results of our calcula-
tions, an increase in the pressure leads to a decrease in the DOS
Nnp(Er) associated with the niobium states at the Fermi level, while
the DOS N{Efr) and Ng,(EF) associated with the carbon and tin
states at the Fermi level remain virtually unchanged (see Fig. 4b).
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Fig. 3. Debye temperature 0p of Nb,SnC compound under pressure.
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Fig. 4. (a) The total DOS of Nb,SnC under pressure and (b) the partial DOS of p and d
electrons of Nb,SnC at P=0 and 10 GPa.

As a consequence, at 10 GPa the density of states at the Fermi level
Er decreases around of 9.2% respect to 0 GPa. This behavior is sim-
ilar to one observed in MgB, [38]. The DOS at the Fermi level is an
important parameter known to affect the superconducting transi-
tion temperature T.. Judging from Bardeen-Cooper-Schrieffer
superconducting theory, the reduction of the density of states at
the Fermi level shows that the transition temperature T, decreases
as pressures increases [39].

6. Conclusions

In summary, the structural, elastic and electronic properties of
Nb,SnC under pressure have been investigated using planewave
pseudopotential density functional theory within the generalized
gradient approximation (GGA). We find that the effect of pressure
on the crystal structure reflects in a compression of the unit cell-
volume, more easily along the c-axis than on the a-axis for
pressures higher than 4 GPa. We also observed, that the elastic
constants and elastic modulus increase monotonically. As a conse-
quence, the hardness and the compression of the material increase
under pressure. Using the elastic constants the Debye temperature
0p was calculated and we found that it increases under pressure.
Finally, according to the results of our calculations, an increase in
the pressure would lead to a decrease in the density of states
(DOS) of Nb,SnC, due mainly to the decrease of the PDOS associ-
ated with the niobium states at the Fermi level.
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