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Mechanical and electronic properties of antiperovskite Ti-based compounds
AXTis (X =C, N): A first-principles investigation
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In this paper, we systematically studied the mechanical and electronic properties of a series of
antiperovskite-type Ti-based ternary carbides and nitrides AXTi; (A =Ba, Ca, In, Sn, Sr, Zn, Cu,
Al, Ga, Cd, and La; X =C, N) from first-principles calculations. By calculating the formation ener-
gies, elastic constants, and other mechanical parameters, we predicted that 7 carbides ACTi; and 7
nitrides ANTi; compounds are stable among the 22 compounds. The predicted large Young’s mod-
ulus and high hardness imply a good mechanical application prospect of AXTi;. Particularly,
SnNTi; was found to show ferromagnetic ground state. For the electronic structure, our results con-
firm that the compounds are metallic in nature, and the density of states near the Fermi energy is
predominately contributed by Ti-3d states. The effect of A- and X-site atom doping on AXTi; can
be evaluated by rigid band approximation. Our prediction will be useful for the experimental explo-
ration of the new antiperovskite compounds. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4940723]

I. INTRODUCTION

The 3d transition-metal based antiperovskite compounds
AXM; (A usually is main group element; X =B, C, and N;
and M is 3d transition metal element) with simple cubic
structure (Fig. 1) have attracted a lot of attention because of
the emerging physical properties. With high amount of
magnetic element Ni, MgCNi; shows a sizeable supercon-
ductivity.! Giant magnetoresistance,” large negative mag-
netocaloric effect,* giant negative thermal expansion,®’
magnetostriction,® and nearly zero temperature coefficient of
resistivity”'” emerge in Mn-based antiperovskite. Recently,
Fe- and Co-based antiperovskites have also been extensively
investigated.''™'* Theoretically, the abundant physical prop-
erties of AXMj originate from the high amount of 3d ele-
ments.'>'® One can expect that the early transition metal
(M =Sc, Ti, V, Cr) based antiperovskites may also show
novel properties. However, the early transition metal based
antiperovskites are less studied. Although there are theoreti-
cal predictions of superconductivity in Sc- and Cr-based
antiperovskites,'®>? there are few experiment reports of the
synthesis and physical properties.'®** For Ti-based antiper-
ovskites, it seems that only AICTi; was experimentally
reported for the mechanical properties.”* To the best of our
knowledge, no AXVj is reported. The situation might be due
to the difficulty of sample preparation. Therefore, it is very
necessary to study the stabilities and ground states of early
transition metal based antiperovskites theoretically to guide
the experimental exploration.

In this work, we theoretically investigate Ti-based anti-
perovskite AXTi; (A =Ba, Ca, In, Sn, Sr, Zn, Cu, Al, Ga,
Cd, and La; X=C and N) through the first-principles
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calculation based on density functional theory (DFT). The
lattice parameters, formation energies, and ground states of a
series of AXTij are predicted. Since Ti-based alloys usually
have extraordinary mechanical properties, the mechanical
parameters of the predicted stable AXTij are calculated. The
predicted large Young’s modulus and high hardness imply a
good mechanical application prospect of AXTi;. The elec-
tronic structure is also investigated. The bands around Fermi
energy (Er) are predominately contributed by 3d electrons of
Ti, while the Er is strongly influenced by the total valence
electrons. According to the Stoner’s magnetism,” the spin
polarization of AXTijz is also discussed, and we find that
SnNTi; shows ferromagnetic (FM) ground state. Our predic-
tion will be helpful for the experimental exploration of
Ti-based antiperovskite compounds.

FIG. 1. Crystal structure of AXM3.

© 2016 AIP Publishing LLC
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TABLE I. Lattice parameter a, magnetic moments M, and the formation energies AE of AXTi;.

ACTi; a(A) AEny (eV/cell) AEpy (eV/cell) M (up/cell) ANTi; a(A) AEny (eV/cell) AEp) (eV/cell) M (up/cell)
BaCTi; 4.459 1.192 1.193 0 BaNTi; 4.377 3.737 3.737 0
CaCTi; 4.406 0.348 0.337 0 CaNTi; 4.327 1.999 1.999 0
InCTi; 4.243 —2.788 —2.789 0 InNTi3 4.191 —0.896 —0.896 0
SnCTis 4.243 —2.941 —2.941 0 SnNTi; 4.200 —0.947 —0.948 1.01
SrCTis 4.467 1.508 1.508 0 SrNTi; 4.386 3.280 3.280 0
ZnCTi; 4.165 —2.498 —2.492 0 ZnNTi; 4.087 —1.033 —1.033 0
CuCTi; 4.146 —1.860 —1.868 0 CuNTi; 4.061 —0.643 —0.643 0
AICTi; 4.178 —-3.013 —-3.029 0 AINTi; 4.124 —1.314 —1.314 0
GaCTis 4.158 —3.190 —3.188 0 GaNTi; 4.105 —1.462 —1.462 0
CdCTis 4.236 —2.295 —2.285 0 CdNTi; 4.179 —0.643 —0.643 0
LaCTi; 4412 0.067 0.067 0 LaNTi; 4.341 1.755 1.755 0

Il. COMPUTATIONAL DETAILS

DFT calculations are performed by means of the plane-
wave pseudopotential representation through the Quantum-
Espresso (QE) program.26 The ultrasoft pseudopotentials are
used to model the electron-ion interactions. We adopt the
generalized gradient approximation (GGA) with Perdew-
Burke-Ernzerhof (PBE) parametrization27 for the exchange
correlation potentials. The cutoff energy and k-point sam-
pling are checked for energy convergence. The cutoffs for
wave functions and charge density are 60 Ry and 600 Ry,
respectively. The electronic integration is performed over a
12 x 12 x 12k-point mesh in the Brillouin Zone (BZ). Since
all the compounds are metallic in nature, in our calculations,
we use Marzari-Vanderbilt smearing method® with degauss
equals to 0.02 Ry. The non-magnetic (NM) and FM states
are studied in this work.

lll. RESULTS AND ANALYSIS
A. Structural parameters and formation energies

We use the reported lattice parameters of antiperovskite
compound AICTi5* to initiate the structural optimization for
antiperovskite Ti-based compounds AXTi;. The optimiza-
tion of atomic positions and unit cell is finished when the
total energy changes less than 10~° ha and the force on each
atom is less than 10> ha/Bohr. The optimized lattice param-
eters of AXTis are listed in Table I. The results show that the
lattice parameter of AXTi; is basically proportional to the
radius of A-site elements (see Fig. 2). The obtained lattice
parameters are very close to the previous results.” =~

One of the common methods of preparation of antiper-
ovskite compounds is solid-state synthesis from fully mixed
raw materials. Therefore, we assume that the AXTi; (X=C,
N) could be synthesized using the same way. The formation
energy AE is defined as the difference between the total
energies of initial elements and final compounds

AEsctiy = Egi" = (Ejy + Efy +3E,), (D
and

AEanti, = Ep ™" — (Epy, + Epy’ + 2Ey,). )
Here, Eﬁf,m-‘ is the total energy of final compounds, and
EAEC., ETN and ET are the total energies of the initial

elements/compounds. One can expect that the compounds
will be stable with respect to a mixture of the initial elements
when AE < 0. On the contrary, if AE > 0, the compounds
are unlikely to be synthesized under normal conditions. The
calculated AE are shown in Table I. BaXTi;, CaXTis,
SrXTis, and LaXTi3(X =C, N) show positive AE, implying
that these compounds are hard to be synthesized under nor-
mal conditions. Indeed, the 3d transition metal based antiper-
ovskites AXM; with A =Ba, Ca, Sr, and La have never been
experimentally reported, which might be due to that these
atoms with large radius strongly influence the MXg octahe-
dra. Other AXTi; compounds seem to be stable according to
the negative AE. Moreover, in the calculation of FM state,
the magnetic moments of almost all the compounds consid-
ered are converged to zero except for SnNTisz (Table I). The
spin polarization in AXTi; will be discussed later.

To check the dynamical stability, we calculate phonon
dispersions of two typical compounds, BaCTi; and AlCTis,
which show positive and negative formation energies,
respectively. The phonon results are consistent with the
calculated formation energy results. As shown in Fig. 3(a),
BaCTi; shows strong instability in the phonon dispersion,
while for AICTi;, the phonon dispersion suggests the dynam-
ical stability of this compound (Fig. 3(b)).
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FIG. 2. Lattice parameters of ACTiz and ANTi3.
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FIG. 3. The phonon dispersion curves
of (a) BaCTi; and (b) AICTis.

B. Mechanical properties

We calculate the elastic constants according to the
finite-strain continuum elasticity theory.*® The strain energy
¢ (&) per unit mass can be written as an expansion in the
strain parameter &

BE) = 38 + s +o(E). 3)
Here, A, and Az are the second- and third-order elastic
constants, respectively. There are three independent second-
order elastic constants (C;1, Cq», and Cyy4) for cubic structure.
It is necessary to impose three strain tensors 7, in terms of £.
n,(o=1,2,3) and the corresponding coefficients A, are
listed in Table II.

To obtain the elastic constants accurately, we change &
with a step of 0.0025 for each #,. As an example, the strain
energy and the fitted polynomials for AICTiz are shown in
Fig. 4. The calculated elastic constants for the 14 stable
ACTi; and ANTi; are shown in Tables III and IV. It is well
known that the generalized criteria for mechanically stable
cubic crystals are C; > Cip, C44 > 0and Cyy +2Cp > 0.3
Therefore, from the calculated values of elastic constants,
we can conclude that almost all of compounds are mechani-
cally stable, consistent with the result predicted by the for-
mation energy calculation.

The elastic anisotropy factor A of cubic crystal can be
described as

2C
A= 44

—_tu 4
Ci—Cpp @

For a completely isotropic system, the anisotropy factor A
takes the value of unity, and the deviation from unity meas-
ures the degree of elastic anisotropy.*® According to our cal-
culation, ANTi; is more anisotropic than ACTi;, which can
be understood by the following analysis. The elastic constant
Cy44 represents the shear resistance in the [100] direction,
which is related to the X-Ti bonding.?* It can be noted that

TABLE II. The coefficient A, and strain tensors 7,,.

My AZ
n = (£,0,0,0,0,0) Ci
1 = (£¢£,0,0,0,0) 2Cy +2C,
;= (§¢,¢,0,0,0) Ci1 +4Cys

the calculated C44 of ACTi; is slightly larger than that of
ANTi; with the same A-site atom, indicating that the C-Ti
bonding is stronger, which is consistent with the previous
calculations of AIXTi; (X=C and N).*? On the other hand,
Cy; — C, turns out to be the stiffness associated with a shear
in the [110] direction, which can be connected with the A-Ti
bonding.”* Although A-M bonding is usually very weak in
antiperovskite AXMj, it can still influence the anisotropy of
the material. For the present AXTis, lattice parameter of
ACTi; is larger than that of ANTi; with the same A-site
atom. One can expect stronger A-Ti bonding in the nitrides,
which leads to a bigger C;; — Cj; in ANTis. Therefore, the
ANTi; is generally more anisotropic than ACTis.

For cubic crystal, Voigt defined the bulk modulus By,
and shear modulus Gy as

2
BV:CH—; C12’ )
GV:CH_C152+3C44. ©)

On the other hand, Reuss defined the bulk modulus By and
shear modulus Gy as

Br = By, (7
5(Ci1 — C12)Ca4

Gr ®)

- 4C4y +3(C1y — C2)

o
o

e
»

o
[\

Strain energy density (GJ/ms)

o
o

-0.04 -0.03 -0.02 -0.01 0.00
3

FIG. 4. The strain energy of AICTi;.
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TABLE III. The elastic constants and related mechanical parameters of ACTis.

J. Appl. Phys. 119, 044903 (2016)

ACTi; Cy1 (GPa) C1, (GPa) Cy4 (GPa) C, (GPa) B (GPa) G (GPa) BIG E (GPa) A 4 0p (K) Hy (GPa)
CuCTi; 388.16 55.51 85.00 —29.49 166.39 111.60 1.49 237.62 0.51 0.26 580.09 16.84
ZnCTi; 381.26 56.03 89.42 —33.39 164.44 113.88 1.44 227.56 0.55 0.22 586.90 17.25
CdCTis 426.41 65.95 89.36 —23.40 186.11 118.82 1.57 293.92 0.50 0.24 600.79 18.12
AICTi; 362.29 68.58 86.61 —18.04 166.48 107.16 1.55 264.70 0.59 0.24 689.12 16.06
GaCTis 479.95 69.84 81.29 ~1145 206.55 11898 174 29945 040 026  651.24 18.15
InCTis 425.10 77.96 82.60 —4.63 193.67 111,75 173 281.16 048 026  581.94 16.87
SnCTi, 270.86 121.22 44.35 76.87 171.10 54.76 312 14844 059 036  409.51 6.79
In order to obtain accurate result, we use the Voigt-Reuss- Poisson’s ratio ¢ can be expressed as
Hill approximation®” to calculate the bulk modulus B and 3B —2G
shear modulus G o=—"—. (13)
2(3B+G)

B B
B:M’ )
2
G:w' (10)

The bulk modulus B evaluates volume changing of isotropic
resistance under hydrostatic strain. And the shear modulus G
responses to resistance to anisotropic shear strain. Using the
bulk modulus B and shear modulus G, we can obtain the
Young’s modulus E, which can be expressed as

9BG

E=——. 11
3B+ G (an

The calculated B, G, and E for ACTiz and ANTi; are listed
in Tables IIT and IV, respectively.

Young’s modulus E represents the ratio between the lin-
ear stress and strain. Theoretical and experimental results
have shown that the larger the value of E, the stiffer is the
material. According to our calculation, £ of most AXTi; are
larger than those of normal titanium alloys.”® Moreover,
CuNTijz shows E =479.64 GPa, which can be comparable to
that of tungsten carbide.™

We can also calculate the hardness of AXTi;. According
to Ref. 40, the value of Vickers hardness H/“" is defined as

HTE = 0.1769G — 2.899. (12)

The hardness is only connected with shear modulus.*' As
seen from Tables III and IV, the hardness of AXTiz; can
change from Hy ~ 2.23 GPa for the softest one (SnNTi3) to
Hy ~29.70 GPa for the hardest one (CuNTis). The large
Young’s modulus and high hardness will lead to a good
application potential of AXTis.

TABLE IV. The elastic constants and related mechanical parameters of ANTi;.

The calculated ¢ is listed in Tables III and I'V. Poisson’s ratio
o generally describes the stability of the crystal against shear
and takes the value between —1 and 0.5, which are the lower
and the upper bounds. The lower bound is where the material
does not change its shape, and the upper bound is where the
volume remains unchanged. In addition, the ratio B/G is also
an index of ductility. According to Pugh,*” if B /G > 1.75,
the material shows ductile nature, otherwise, the material is
brittle. The Cauchy’s pressure for cubic crystal is

Cp=Cun —Cu; (14)

it can be an indication of ductility as well, i.e., C,, <0 indi-
cates that the material is brittle, or else the material is
expected to be ductile.* All the three factors indicate that
almost all the calculated ACTi; are more brittle except for
SnCTis, while all the calculated ANTi; are more ductile
(Tables III and IV).

Moreover, using the calculated bulk modulus B and
shear modulus G, we can obtain the longitudinal and trans-
verse sound velocities v; and v,, which can be determined as

3B +4G\ 2
1/1=<T) s (15)

1/2
v = (g) ; (16)

where p is the mass density. We subsequently obtain the
mean sound velocity which is defined as

1/2 1\1'3
===+ . 1
w5 (4]

ANTi; Cyy (GPa) Ci, (GPa) Cy44 (GPa) C, (GPa) B (GPa) G (GPa) BIG E (GPa) A 4 ) (K) Hy (GPa)
CuNTi; 1036.57 86.01 85.93 0.58 402.86 184.26 2.19 479.61 0.18 0.30 812.76 29.70
ZnNTi; 1002.34 93.64 83.02 10.62 396.54 177.45 2.23 463.24 0.18 0.31 796.83 28.49
CdNTi; 540.71 101.90 78.69 23.27 248.21 120.40 2.06 310.93 0.36 0.30 602.36 18.40
AINTi; 336.24 144.29 51.63 92.67 208.28 66.35 3.14 179.94 0.54 0.36 543.19 8.84
GaNTi; 475.89 161.46 34.79 126.68 266.27 67.14 3.97 185.81 0.22 0.38 491.85 8.98
InNTi; 506.78 144.79 46.79 97.99 265.45 83.50 3.18 226.73 0.26 0.36 504.51 11.87
SnNTi; 313.60 187.18 16.18 170.99 229.32 29.03 7.90 83.53 0.26 0.44 298.92 223

€1:6€°20 920 1890100 L}



044903-5 Wang et al.

According to these physical quantities, we can further obtain
the Debye temperature ®p, which reflects the phonon contri-
bution to the specific heat. ®p can be determined as

1/3
h (3npNy
m- 1
O = k3<47rM> Vi (18)

Here, & and kg are Planck’s and Boltzmann’s constants, V4 is
Avogadro’s number, 7 is the molecular weight, and M is the

J. Appl. Phys. 119, 044903 (2016)

number of atoms in the unit cell. The calculated ®p are
listed in Tables III and IV.

C. Electronic structure and magnetism

The band structures and density of states (DOS) of the
14 stable AXTis are calculated. The effect of spin-orbit cou-
pling (SOC) is taken into consideration. Around the Fermi
energy, the electronic structure with and without SOC is

7|

>
7.

X M r R M X

FIG. 5. The band structure of AXTi; compounds: (a) CuCTis, (b) ZnCTis, (c) AICTis3, (d) SnCTis, (e) CuNTis;, (f) ZnNTis;, (g) AINTis, and (h) SnNTi;. The
horizontal dashed lines represent the Fermi level.

R
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FIG. 6. The DOS of AXTiz compounds: (a) CuCTis, (b) ZnCTis, (c) AICTis, (d) SnCTis, (e) CuNTis, (f) ZnNTis, (g) AINTis, and (h) SnNTi3. The vertical

dashed lines represent the Fermi level.

nearly the same. Therefore, we only show the results without
SOC. Previous calculation shows that the valence electrons
of A-site atom strongly influence the Ez.** This rule still
works in AXTi; according to our calculation. For example,
we present the band structures and DOS of AXTi; (X=C,
N; A=Cu, Zn, Al, and Sn), in which the number of valence
of A varies from 1 to 4. The band structures along high sym-
metry lines in the first BZ and DOS are shown in Figs. 5 and
6, respectively. For the four carbides ACTiz (A = Cu, Zn, Al,
and Sn), in Figs. 5(a)-5(d), the band structures in the vicinity

TABLE V. Calculated N(Ef) for AXTi; compounds.

ACTis N(EF) (states/eV) ANTi; N(EF) (states/eV)
CuCTis 2.799 CuNTi; 3.214
ZnCTi; 3.019 ZnNTij 3.351
CdCTi; 3.454 CdNTi; 4.668
AICTi; 2.817 AINTi; 3.497
GaCTis 3.012 GaNTis 3.435
InCTis 3.495 InNTis 4.127
SnCTis 4.847 SnNTi3 10.88

€1:6€°20 920 1890100 L}
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FIG. 7. The band structure (a) and
DOS (b) of SnNTi5 in FM state.
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of the Fermi level are similar. The difference is that £, moves
upwards, which can be understood by the fact that the number
of effective valence electrons increases from Cu to Sn.
Similar behavior can be found for the band structures of four
nitrides ANTi; (A=Cu, Zn, Al, and Sn) in Figs. 5(e)-5(h).
Therefore, the A-site doping effect on electronic structure can
be evaluated by rigid band approximation. In addition, it is
seen that band structure of ACTis is similar to ANTi; with the
same A-site atom. The only difference is that the E of ANTi;
moves upwards in comparison with ACTi;. Therefore, the
effect of A and X-site doping on AXTi; can be evaluated by
rigid band approximation as well.

It can be seen from Fig. 6 that the shapes of DOS of
those compounds are similar to each other. The contributions
of A-s and X-s (C-2s or N-2s) to DOS are small, which is a
common feature of all the compounds. Generally, A-p and
X-p (C-2p or N-2p) make great contribution to DOS below
the Er. Near and above the Ej, Ti-3d electrons contribute
predominately to the total DOS and are responsible for the
metallic conductivity of the AXTi; compounds. The calcu-
lated DOS at Ej. (N(EF)) for AXTi; compounds are listed in
Table V.

According to the Stoner’s criterion,”> a NM system will
become polarized when N(Ep)I > 1, where I is the Stoner
parameter with a value of ~0.3 in the 3d transition metal
based antiperovskites,'6 and N(Er) is in the unit of states/
eV/spin. For most calculated AXTis, the E is far away from
a sharp DOS peak, which leads to a moderate N(Er) (Table
V). Therefore, if N(Ep)l <1, the calculated magnetic
moments in FM state are converged to zero. However, for
SnNTiz, the Ep just locates at a sharp DOS peak. The
resulted large N(EF) of 10.88 states/eV leads to N(Er)l > 1.
That is why the FM state of SnNTi; shows lower formation
energy (Table I). We present the band structure and DOS of
SnNTij in the FM state in Fig. 7, in which the spin-polarized
behavior can be clearly seen. By comparing the band struc-
ture of SnNTi; in NM state in Fig. 5(h) and that in FM state
in Fig. 7(a), it is seen that the bands in the FM state split into
spin up and spin down branches, with the spin down
branches showing higher energy than spin up ones. The
potential magnetism will broaden the application of AXTis.

IV. CONCLUSIONS

In conclusion, we have systematically studied the me-
chanical and electronic properties of a series of Ti-based

4 2
E-E (eV)

antiperovskite compounds AXTi; (A =Ba, Ca, In, Sn, Sr,
Zn, Cu, Al, Ga, Cd, and La; X=C, N) from first-principles
calculations. The formation energies, mechanical parame-
ters, and electronic structures of a series of AXTis are stud-
ied. The predicted stable AXTi; shows large Young’s
modulus and high hardness, implying a good mechanical
application value. The bands around Ep of AXTi; are pre-
dominately contributed by 3d electrons of Ti, while the E is
strongly influenced by the total valence electrons. According
to the Stoner’s criterion, the spin polarization of AXTij is
discussed. Our prediction will be helpful for the experimen-
tal exploration of Ti-based antiperovskite compounds.
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