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Electronic and elastic properties of non-oxide anti-perovskites from first principles:

Superconducting CdCNi; in comparison with magnetic InCNij;
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Full-potential linearized augmented plane-wave method with the generalized gradient approximation for the
exchange-correlation potential has been applied for the comparative study of structural, elastic, and electronic
properties of the synthesized non-oxide anti-perovskites: superconducting CdCNi3 and magnetic InCNisz. The
optimized lattice parameters, independent elastic constants (C;;, C;,, and Cyy), bulk modules B, compressibil-
ity B3, shear modules G, and tetragonal shear modules G’ are evaluated. The numerical estimates of the elastic
parameters of the polycrystalline InCNi; and CdCNij ceramics are performed. The band structures, total and
site-projected /-decomposed densities of states, the shapes of the Fermi surfaces, the Sommerfeld coefficients,
and the molar Pauli paramagnetic susceptibility for these anti-perovskites are obtained and analyzed in com-
parison with the available theoretical and experimental data. From our calculations, the stoichiometric CdCNi;
and InCNj3 are very much alike in both structural and elastic properties but differ in electronic properties. For
InCNi3, the defect-induced magnetism associated with the indium vacancies or Ni atoms substituting for In

was found.
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I. INTRODUCTION

Since the discovery of 8 K superconductivity for cubic
anti-perovskite MgCNis,! much interest has been paid to
other non-oxide anti-perovskites, and the researches of
MCNi; materials, where M are divalent (M") or trivalent
(M™) cations, have been intensively performed. So, the iso-
structural non-oxide anti-perovskites M''CNi; and M"'CNis,
namely, ZnCNi;,>2 AICNi;, and GaCNis,>® have been syn-
thesized and some of their physical properties have been
investigated.”!?

For the anti-perovskites M''CNij, the interest is mainly
due to the preference of superconductivity over ferromag-
netism which is rather unexpected in such Ni-rich com-
pounds. Though the origin of the superconductivity in
M"CNij is still controversial and remains an open problem,
the available data (see Refs. 7 and 8) give some evidences of
conventional s-wave BCS-type behavior. The significant
achievements in the fundamental understanding of the cou-
pling mechanism and electronic properties of these supercon-
ducting M"CNi; materials were provided by means of the
first-principles band-structure calculations.””!7 It was shown
that the density of states (DOS) at the Fermi level, N(Ep), is
dominated by Ni d states with admixture of C 2p states form-
ing 7r-type bands. Besides, it has been pointed out”? that the
superconducting M"CNi; compounds tend toward the ferro-
magnetism due to the existence of a van Hove singularity in
the DOS slightly below the Fermi level. As this peak is sharp
and the Fermi level lies on the shoulder of the peak, hole
doping causes an increase in N(Eg), resulting in a ferromag-
netic instability and suppression of the superconducting tran-
sition. On the other hand, the electron doping causes a rapid
decrease in N(E), resulting also in a transition temperature
suppression.

This picture has received some confirmations in earlier
experiments and calculations.'®!8-2* In this way, the
MM™CNij; anti-perovskites can be considered as one-electron
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doped M"CNi; compounds, where the Fermi level is located
far from the Ni3d peak, i.e., in the region of a quite low
density of states. Thus, it may be expected that M'CNi; is a
Pauli paramagnetic metal.

Really, the anti-perovskites with trivalent metals MM
(namely, AICNi; and GaCNis) are nonsuperconducting (see
Ref. 13 and references therein), whereas a very surprising
fact is the emergence of weak ferromagnetism for these ma-
terials reported by Dong et al.’ This circumstance has been
discussed by Bannikov et al.'> by means of the density func-
tional theory calculations. The results'® have shown that
AICNi;y and GaCNi; are nonmagnetic metals, while their
magnetization may be expected at the presence of carbon
deficiency.

Very recently, two novel non-oxide anti-perovskites which
belong to the group of discussed M'MCNi; materials,
namely, CdCNij; (Refs. 25 and 26) and InCNi;,2” have been
successfully prepared and some of their physical properties
have been investigated.>?’ According to these results,
CdCNij is a 3 K superconductor. On the other hand, a quite
unusual effect was reported by Tong et al.?” for the indium-
containing anti-perovskite: the compound Ing ¢sCNis behaves
as a ferromagnetic metal with a high Curie temperature 7~
~577 K. It is supposed that the emergence of ferromag-
netism may be due to the deviation of the Ni/In ratio from
the ideal stoichiometry (Ni/In=3).

In this paper, we report the results of a systematic study
by means of the full-potential linearized augmented plane-
wave (FLAPW) method within the generalized gradient ap-
proximation (GGA) of newly synthesized non-oxide anti-
perovskites CdCNi; and InCNi; and discuss the trends in
their structural, elastic, electronic, and magnetic properties
depending on the type of M™I cations. Our studies have
been motivated by the following reasons.

Even though the mentioned experimental results>>~2" for
these systems have been published, to our knowledge, no
systematic theoretical investigations of the electronic proper-
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ties of CdCNi; and InCNij and, in particular, magnetic prop-
erties of InCNiy; have been done. Therefore, based on
FLAPW-GGA calculations, we calculated the band struc-
tures, DOSs, the Fermi surfaces, the Sommerfeld coeffi-
cients, and the Pauli paramagnetic susceptibility depending
on the type of M™ cations. It allows us to understand the
changes in electronic properties as going from CdCNi; to
InCNij in comparison with other anti-perovskites.

Besides, elastic behavior for non-oxide anti-perovskites is
of great interest for their potential applications. Therefore,
we have predicted the elastic parameters from accurate first-
principles FLAPW-GGA calculations not only for
(Cd,In)CNi; monocrystals but also for their polycrystalline
states, as these materials are prepared as polycrystalline ce-
ramics. Here, a set of physical parameters of monocrystalline
(Cd,In)CNi; such as optimized lattice parameters, elastic
constants (Cy;, C}5, and Cyy4), bulk modules B, compressibil-
ity (), shear modules G, and tetragonal shear modules G’ is
calculated, and the numerical estimates of elastic modules
(B, G), Young’s modules (Y), Poisson’s ratio (v), Lamé’s
coefficients (u, ) of the polycrystalline (Cd,In)CNi; ceram-
ics (in framework of the Voigt-Reuss-Hill approximation) are
obtained and analyzed.

Finally, the available experimental and theoretical data
have shown that the properties of (M, M™)CNi; materials
are very sensitive to the content of lattice defects—mainly to
carbon nonstoichiometry.?8-3° Therefore, on the example of
InCNis;, we have investigated the response of the electronic
and magnetic behaviors of this material to the presence of
various structural defects: (i) vacancies in carbon sublattice,
(ii) vacancies in indium sublattice, (iii) vacancies in both In
and C sublattices, and (vi) the localization of additional Ni
atoms in In sublattice, as it was assumed by Tong et al.?’

II. COMPUTATIONAL METHOD AND MODELS

The considered (Cd,In)CNij; anti-perovskites adopt>>~2" a
cubic structure (e.g., Pm3m) consisting of M™! ions at the
corners, carbon at the body center, and Ni at the face centers
of the cube. The atomic positions are Ni, 3¢ (%, %, 0), ML
la (0,0,0), and C, 1b (%, %, %). The band-structure calcula-
tions were done by means of the full-potential method with
mixed basis APW+lo (LAPW) implemented in the WIEN2K
suite of programs.>' The generalized gradient correction
(GGA) to the exchange-correlation potential of Perdew er
al.® was used. The electronic configurations were taken to
be [Ar] 3d%s%4p° for Ni, [Kr] 5s25p'4d'® for In, [Kr]
555p%4d'° for Cd, and [He] 2s?2p?* for carbon. Here, the
noble gas cores are distinguished from the subshells of va-
lence electrons. The basis set inside each muffin-tin (MT)
sphere is split into core and valence subsets. The core states
are treated within the spherical part of the potential only and
are assumed to have a spherically symmetric charge density
confined within MT spheres. The maximum value for partial
waves used inside atomic spheres was 12 and the maximum
value for partial waves used in the computation of non-
muffin-tin matrix elements was 4. The plane-wave expansion
with RyrKyax equal to 8 and k sampling with 10X 10
X 10 k-point mesh in the Brillouin zone were used. Relativ-
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TABLE 1. The lattice parameters (a,, in A), elastic constants
(Cjj» in GPa), bulk modulus (B, in GPa), compressibility (8, in
GPa™!), shear modulus (G=Cyy, in GPa), and tetragonal shear
modulus (G’, in GPa) for cubic monocrystalline anti-perovskites
CdCNi; and InCNijs.

Parameters® CdCNiy InCNi;

a, 3.8668 (3.844°) 3.8806 (3.7836°)
Ch 311.46 368.35

Cp 126.73 97.02

Cy (G) 57.23 43.19

B 188.31 187.46

B 0.00531 0.00533

G’ 92.37 135.67

“In parentheses—the available experimental data are given.
PReference 26.
“Reference 27.

istic effects are taken into account within the scalar-
relativistic approximation. The MT radii were 1.79, 2.39,
2.25, and 1.59 a.u. for Ni, Cd, In, and carbon, respectively.

The self-consistent calculations were considered to be
converged when the difference in the total energy of the
crystal did not exceed 0.01 mRy as calculated at consecutive
steps. The DOS was obtained using a modified tetrahedron
method.?

As a result, the elastic and electronic properties of stoi-
chiometric monocrystalline CdCNi; and InCNiy are calcu-
lated and then we have utilized the Voigt-Reuss-Hill (VRH)
approximation® for the estimations of elastic parameters for
polycrystalline (Cd,In)CNi; ceramics. Next, we have fo-
cused on the interrelation between the possible structural de-
fects and magnetism of nonstoichiometric anti-perovskite
InCNis. For this purpose, the supercell approach has been
employed and, removing the carbon or indium atoms, we
simulated the nonstoichiometric materials with formal com-
pOSitiOnS InC0_875Ni3, InCO.SoNi:;, In0'875CNi3, Ino_socNi3,
and Ingg75C(g75Niz. Finally, the Ni-rich composition
Iny g75Nig 12sCNis (i.e., Ing g75CNis j»5) was simulated by re-
placing Ni—In. Due to the periodic boundary conditions,
our calculations were performed for ferromagnetic ordering.

III. RESULTS AND DISCUSSION

A. Lattice constants

First, the equilibrium lattice constants (a,) for the ideal
stoichiometric anti-perovskites (Cd,In)CNi; were calculated.
The results are listed in Table I. As can be seen,
ay(InCNiz) > a((CdCNi;) and this result can be explained by
the atomic radii of M™:R(In)=1.66 A >R(Cd)=1.56 A. It
is reasonable to accept that the reduction of the experimen-
tally obtained lattice constant of InCNi; (Ref. 27) in com-
parison with CdCNi; (Ref. 26) occurs from the deviation of
the investigated samples?’ from the stoichiometry.

B. Elastic properties

Let us discuss the mechanical parameters for (Cd,In)CNi;
single crystals as obtained within the framework of the
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FLAPW-GGA calculations. The values of elastic constants
(C;j) for these anti-perovskites are presented in Table I.
These three independent elastic constants in a cubic symme-
try (Cy;, Cyp, and Cyy) were estimated by calculating the
stress tensors on applying strains to an equilibrium structure.
All C;; constants for (Cd,In)CNij; crystals are positive and
satisfy the generalized criteria®*—3® for mechanically stable
crystals: (C;;=C,) >0, (C;;+2C5)>0, and C4y>0. Such
crystals are characterized by positive values of the bulk
modulus B=(C;,+2C,)/3, shear modulus G=Cy4, and te-
tragonal shear modulus G’ =(C,;—C},)/2. The bulk modules
of these crystals increase in the sequence B(InCNis)
< B(CdCNiy), i.e., in reversible sequence to ay—in agree-
ment with the well-known relationship?” between B and the
lattice constants (cell volume V,, as B~ V,'). This simple
trend—when a larger lattice constant leads to a smaller bulk
modulus—has been demonstrated also for various perovs-
kitelike materials.®® Respectively, the compressibility (8
=1/B) decreases (from InCNi; to CdCNi;) as the value of a,
(the size of the M ion) decreases. It was found also for
(Cd,In)CNis: B>G’' > G; this implies that the parameters
limiting the mechanical stability of these materials are the
shear modules G.

Note that these elastic parameters are estimated from
first-principles FLAPW-GGA calculations of (Cd,In)CNijs
monocrystals. However, these materials have been prepared
as polycrystalline ceramics,” 7 and, therefore, it is useful to
evaluate the corresponding parameters for the polycrystalline
species. For this purpose we have utilized the VRH approxi-
mation (see Refs. 34, 39, and 40). In this approach, the actual
effective modulus for polycrystals could be approximated by
the arithmetic mean of the two well-known bounds for
monocrystals according to Voigt*' and Reuss.*? Then, the
main mechanical parameters for cubic anti-perovskites,
namely, bulk modulus (B), shear modulus (G), Young modu-
lus (Y), Poisson ratio (v), and Lamé constants (\, «) in the
two mentioned approximations, Voigt (V)*! and Reuss (R),*?
are calculated from the elastic constants of single crystals in
the following forms.*3

(a) Bulk modulus,

By rvru=(Cy1+2C))/3. (1)
(b) Shear modulus,
GV = (C” - C]2+ 3C44)/5,

Gr=5(Cy; = C1p)Cyg/[4Cuy + 3(Cy = 3Cr)],

Gyrn = (Gy + Gp)/2. (2)

In this way, when a bulk modulus (Bygy) and a shear modu-
lus (Gygry) are obtained from Egs. (1) and (2), one can cal-
culate the averaged Young modulus (Yvygy) by the expression

Yyra = 9Byry/[1 + (3Byru/Gyru) |-

Poisson’s ratio (v) and Lamé’s coefficients (w,\) for the
polycrystalline MCNi; were obtained as

v=(3Bygru — 2Gyru)/2(3Bygry + Gyrn)
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TABLE II. Elastic parameters for polycrystalline CdCNiy and
InCNi; ceramics as obtained in the Voigt-Reuss-Hill (VRH)
approximation.

Parameters CdCNi, InCNij
Bulk modulus (Bygry) (GPa) 188.31 187.46
Shear modulus (Gygry) (GPa) 69.39 69.78
Young’s modulus (Yyry) (GPa) 185.39 185.16
Poisson’s ratio (v) 0.3359 0.3353
Lamé’s coefficients N 21.87 16.33
(GPa) m 71.28 80.18

M= YVRH/2(1+V), )\ZVYVRH/[(l'FV)(l—ZV)].

Table II gives the calculated values of the elastic param-
eters for the polycrystalline (Cd,In)CNis species. The bulk
modules Bygry slightly decreases as going from CdCNij to
InCNi;. Since a strong correlation exists between the bulk
modulus and hardness of materials,** the higher hardness
should be for CdCNis. This conclusion agrees with the be-
havior of shear modulus Gygy, Table II. Indeed, the hardness
of a material is defined as its resistance to another material
penetrating its surface, and this resistance is determined by
the mobility of dislocations. Thus, one of the determining
factors of hardness is the response of interatomic bonds to
shear strain.*> In our case, the shear modulus Gygy is slightly
lowered in the sequence CdCNi;>InCNis, i.e., a higher
bond-restoring energy under elastic shear strain should be for
CdCNis, whereas InCNi; will remain as a material with the
lower hardness. However, the values for Byry and Gyry of
CdCNij and InCNij are comparable, i.e., the elastic behavior
for these polycrystalline materials will differ insignificantly.
As shown in Table II, Young modules for these species ap-
pear also comparable as well as the Poisson ratio v.

C. Electronic properties

The band structures and the Fermi surfaces which have
been calculated for the equilibrium geometries of
(Cd,In)CNi; are shown in Figs. 1 and 2, respectively. These
materials with the same crystal structure have the general
features of the band structure. In both compounds, the va-
lence band which extends from —6.3 eV up to the Fermi
level Ex=0 eV (for CdCNis3) and from —8.1 up to E (for
InCNiy) is derived basically from the Ni 3d and C 2p states.
The C 2s states are situated in a region from —13 up to
—11 eV below the Fermi level and M (s,p,d) states play
a relatively minor role in this interval. For CdCNis, the oc-
cupied Cd4d bands are localized around —8.5 eV—in the
gap between C 2s- and C 2p-like bands; for InCNis, the oc-
cupied In4d bands are localized around —15.2 eV, i.e., are
placed below the C 2s-like bands and are not shown in Figs.
1 and 3.

In the valence region, the C 2p states are partially hybrid-
ized with Ni3d and located below the near-Fermi bands
formed mainly from Ni3d states. From these bands, three
are bonding, three are nonbonding, and three are antibonding
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FIG. 1. Band structure of (1) CdCNij and (2) InCNis along the
symmetry lines of the cubic BZ. Fermi level Ez=0 eV.

bands. For CdCNis, two of antibonding 7 bands cross Ej.
These two bands are confined between —0.7 and 0.9 eV and
are half-filled: only two electron states are occupied. The
upper band produces the holelike two-sheet Fermi surface
centered at the X point and ellipselike along the I'-R line,
Fig. 2. The Fermi surface involves also electronlike sheets
around the I" point and along the R-M line generated by the
lower band. This topology of the Fermi surface for CdCNis
is very similar to the Fermi surfaces of other superconduct-
ing M"CNi; materials.%”-'® On the contrary, the Fermi sur-
face changes considerably, Fig. 2, due to the filling of the
Ni 3d bands by an additional electron, see Fig. 1.

Let us discuss the main differences of the electronic prop-
erties for CdCNiy and InCNiy using their densities of states,
Fig. 3 and Table III. The overall shape of the total DOS for
CdCNi; is similar to those for InCNis, except the sharp peak
near -9 eV derived from Cd 4d states. Really, the low-lying
peaks A are composed from quasicore C 2s states, whereas
peaks B and C correspond to partially hybridized C 2p and
Ni 3d states, respectively. The most remarkable feature of the
DOS for these anti-perovskites is a narrow intense peak D in
the vicinity of the Fermi level, Fig. 3. This peak is associated
with the quasiflat Ni3d band aligned along the X-M and
M-T" directions in the Brillouin zone.

For CdCNis, the Fermi level is located at the high-energy
slope of peak D, yielding the high DOS at Ep of N(Ef)
=4.504 states/eV. The contribution of Ni 3d states to N(Ep)
is as much as 72%, and these states are responsible for the

FIG. 2. The Fermi surfaces of (1) CdCNi;z and (2) InCNi;.
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metallic properties of material. A small number of C 2p
states (at about 7.8%) are mixed with Ni 3d states.

For InCNis, the increase of the band filling due to the
growth of the number of electrons (per cell) leads to the
movement of the Fermi level in the region of low binding
energies. As a result, Ex in InCNijy is shifted at 0.5 eV from
peak D and lies in the region of relatively small value of
DOS. Thus, as expected, N(Ey) for InCNi; is much less than
the value of N(Ep) for CACNi;, Table III. For InCNis, the
contributions of C 2p and Ni 3d states to N(Ej) are of about
7% and 71%, respectively.

These data allow us to obtain the Sommerfeld constants
(7y) and the Pauli paramagnetic susceptibility () for stoichi-
ometric (Cd,In)CNi; anti-perovskites, assuming the free
electron model, as y=(m?/ 3)N(EF)ké and x= ,ulng(EF),
where N(Ep) is the total DOS at the Fermi level,
Table III. It is seen that both y and y decrease as going
from CdCNiy to InCNiz;—in agreement with the available
experimental measurements.?®?” Our results are also consis-
tent with the Sieberer er al. data.'® They estimated Sommer-
feld constants y and the Pauli paramagnetic susceptibility x
for M"CNi; and M™CNi; as y=9.8-10.8 mJ/(mol K?)
(M"=Mg,Zn) and 4.9-4.3 mJ/(molK?) (M™M=Al,Ga)
and y=(1.34-1.48)x 10~ emu/mol (M"=Mg,Zn) and
(0.67-0.59) X 10~* emu/mol (MM=Al,Ga).

Additionally, the calculated Sommerfeld constant yeor
may be useful for simple estimations*® of the average
electron-phonon coupling constant \ (for superconducting
CdCNis) as y**P=+M"(14+)\). Within a very crude estimate,
using our 9"’ for CACNi; and the measured®® 5P
[~18 mJ/(mol K?)], we obtain an empirical value of \ of
about 0.7, i.e., CdCNi; is within the weak coupling limit. For
comparison, for other superconducting MYCNi; anti-
perovskites, the available experimental and theoretical (in-
cluding the lattice dynamic effects and the phonon DOS cal-
culations) estimations of \ vary from 1.4 to 0.66.%

D. Role of lattice defects and substitutions
in magnetization of InCNij

As reported in Ref. 27, InCNi; behaves as a ferromag-
netic metal—in contradiction to the results'? which show that
related anti-perovskites AICNi; and GaCNi; are nonmag-
netic metals. In order to figure out the possible factors for
magnetism of InCNi;, we first discuss qualitatively the mag-
netic behavior of stoichiometric (Cd,In)CNij, using Stoner’s
criterion*’ N(E;)I>1, where I is the exchange-correlation
integral. Accepting Janak’s*’ value /=0.5 eV (for Ni) and
using our calculated values for paramagnetic DOS at Ep, i.e.,
for CACNis, NN(Ep)=1.131 states/eV atom, and for InCNis,
NN(E)=0.646 states/eV atom, we have estimated Stoner’s
factor S=N(Ep)I for these materials at about 0.57 and 0.32,
respectively. Note that the available estimations of Stoner’s
exchange enhancement parameter S for the related nonmag-
netic MMMCNi; materials are comparable to these results
(0.64 for MgCNis,'> 0.65 for ZrCNi;,'? and 0.24 and 0.21
for AICNi; and GaCNi; according to the FLAPW-GGA
calculations'?). So, the stoichiometric (Cd,In)CNi; anti-
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FIG. 3. Density of states (DOS) for (1) CdCNi; and (2) InCNis. The results for the total (top) and atomic resolved I-decomposed (bottom)

DOSs are shown.

perovskites do not satisfy the Stoner criterion and thus they
are paramagnetic. On the other hand, CdCNij; is closer to a
ferromagnetic instability than InCNis, for which the ferro-
magnetism was reported.?’

To explain this unexpected situation, we have examined
the role of possible structural defects in InCNis. For this
purpose, the magnetic behavior of InCNiy; with various
amounts of carbon, indium, both carbon and indium vacan-
cies, as well as with a substitutional Ni®¥ defect on In site
was considered, see Table IV. The results of our calculations
indicate that the presence of carbon vacancies (up to 50%)
retain the nonmagnetic state of the system. On the other
hand, the magnetism in InCNi; may be induced by 50% In
vacancies, Fig. 4. For this system (with nominal composition
In, 5,CNis), the energy preference of ferromagnetic state ver-
sus paramagnetic is at about 0.12 eV.

Apparently, the additional Ni atoms may be responsible
for the enhancement of metallicity of this material and for
this proximity to magnetism. Thus, our calculation was per-

formed for Ni®¥ atom substituting the indium position. This
means the nonstoichiometric compound (i.e., Ni/In>3) with
nominal composition Ingg;sCNis jps. This additional Nil®
placed in la (0,0,0) position forms a cluster with the rest of
the Ni atoms located in 3¢ (% ,%,O) positions. We have found
that Ingg75CNij 155 also acquires magnetization.

Thus, these results show that, in principle, two types of
lattice defects (indium vacancies and substitutional Ni®¥ at-
oms) may be responsible for the magnetic behavior of non-
stoichiometric In-Ni-C species. What from these defects is
more preferable? For the answer, we have estimated the rela-
tive stability of these two nonstoichiometric In-Ni-C species:
Iny sCNij versus Ing g75CNis j,5 in comparison with stoichio-
metric InysCNis. For this purpose, their Gibbs free energies
(G=AH+PV-TS) should be obtained. Since our calcula-
tions are performed at zero temperature and zero pressure, G
becomes equal to the enthalpy of formation AH, which can
be estimated from the total energies of In-C-Ni compounds
and its constituents. Here, the reactions of phase formation
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TABLE III. Total and site-projected /-decomposed densities of
states at the Fermi level [N(E), in states/eV cell], Sommerfeld co-
efficients [, in mJ/(mol K?)], and molar Pauli paramagnetic sus-
ceptibility (x, in 107* emu/mol) for cubic anti-perovskites CdCNis
and InCNi;.

Parameters® CdCNij InCNi;
N(Ep)(C 2s) 0.018 0.003
N(Ep)(C 2p) 0.331 0.207
N(Ep)(Ni 4s) 0.057 0.033
N(Ep)(Ni4p) 0.078 0.056
N(Ep)(Ni 4d) 3.258 1.848
N(Ep)(Ni) 3.393 1.937
N(ER)(M s) 0.001 0.029
N(Ep)(M p) 0.030 0.040
N(Ep)(M d) 0.013 0.008
N(Ep) (total) 4.504 2.707
Y 10.62 (18Y) 6.38 (14.1°)
% 1.46 0.88

“In parentheses—the available experimental data are given.
PReference 26.
‘Reference 27.

from the simple substances are usually used for the estima-
tion of AH. In our case, the formation energies (Ef) of
In;_,CNis,, phases with respect to the metallic Ni, indium,
and graphite (C¢) in the formal reaction In;_,CNiy,,«
(1-x)In+(3+y)Ni+C8 are defined as EgIn;_,CNis,,)
=Etot(Inl—xCNi3+y) - [(3 +y)Etot(Ni) + (l —X)E[O[(II]) +Etot(cg)]-
In this way, we have obtained the formation energies (E;) of
stoichiometric InCNi; and nonstoichiometric In, sCNi; and
Ing g75CNij 1550 =2.09, +2.80, and —0.71 eV per cell. Thus,
negative values of E, point out the formation of stable
phases, and it should be concluded that the formation of the
Ni-rich phase In g;5CNij 55 is favorable—as compared with
In-deficient species which are unstable.

Going back to the magnetization of Ingg;5CNij jo5, We
shall note that our calculated value for paramagnetic DOS at
Ep for the additional Ni® (1.744 states/eV atom Ni) is
much higher than the corresponding value for stoichiometric
InCNij; (0.646 states/eV atom Ni), leading to the increase of
Stoner’s exchange enhancement parameter and magnetic in-

TABLE IV. Magnetic moments (in up) for InCNiy with
defects.

System MM (Ni) MM (total)
Ing g75CNi; 0 0

InCy g75Ni3 0 0

Ing g75Co.875Ni3 0 0
InCy5oNis 0 0

Inj 50CNi; 0.2532 0.8420
Ing g75CNij 125 0.373 0.033b

aper single Ni®¥) atom.
Per f.u.
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DOS (1/eVxcell)
o

E (eV)

FIG. 4. Density of states (DOS) for nonstoichiometric
Ing 50CNi3. The total (full lines) and Nid resolved (dotted lines)
DOSs are shown.

stability of Ingg;5CNis 1,5. We have found that the energy
difference between the stable ferromagnetic and paramag-
netic states is at about 0.02 eV.

Finally, in In g;sCNij ;»s, the additional Ni®® has no near-
est carbon neighbors; the Ni-C hybridization is absent. This
leads to the exchange splitting of Ni®¥ 34"} orbitals, as de-
picted in Fig. 5. So, by the substitution of indium by nickel,
a magnetization essentially localized on Ni% (0.373 up)
arises, whereas the other atoms surrounding the Ni® have a
very small negative induced magnetic moment (at about
—0.008 up) due to the overlapping with spin-polarized Ni®)
states. Thus, the magnetic polarization in Injg;5CNij o5
seems to be quite the local effect, without affecting atoms
away from the substitutional atom.

IV. CONCLUSIONS

In conclusion, we have performed first principles
FLAPW-GGA calculations for comparative study of the
structural, elastic, and electronic properties of the synthe-

8 T T
F . Eclt IEg
[ Spinu F '

6F pin up l “I
F I

4F [

I.
I

DOS (1/eVscell)
()

fl

- |
-4 |

F | sees e
6 [ |

b Spin Down I
_8'....|....|....|....|....I.. L o v 00y
-10 -8 -6 -4 -2 0 2 4 6

E (eV)

FIG. 5. Density of states (DOS) for Ingg75CNiz j25. The total
(full lines) and Ni d resolved (dotted lines) DOSs are shown. Inset:
DOS for Ni®® atom substituting indium.
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sized non-oxide anti-perovskites: superconducting CdCNi;
and magnetic InCNi;. From our calculations, the stoichio-
metric CdCNi; and InCNj5 are very similar in both structural
and elastic properties. It was found for both anti-perovskites
that B> G’ > G, i.e., the parameters limiting the mechanical
stability of these materials are the shear modules G. Also,
our numerical estimations for (Cd,In)CNi; ceramics (in the
framework of the Voigt-Reuss-Hill approximation) show that
the elastic behavior for these polycrystalline materials should
differ insignificantly.

On the other hand, our calculations clearly show that stoi-
chiometric CdCNi; and InCNi; are nonmagnetic metals and

PHYSICAL REVIEW B 77, 104101 (2008)

are far away from a magnetic ground state. To find the ten-
dencies toward magnetism, the separate calculations were
carried out for the possible scenarios of magnetization of
InCNi; induced by indium, carbon vacancies or due to a
substitutional Ni¥ on the In site. Both In vacancies and sub-
stitutional Ni¢® in InCNi; were found to lead to spin-
polarized ground states. However, while substitution of In
for Ni is more energetically preferable and results in the
spin polarization of Ni® atom (i.e., creates a local magne-
tism), the presence of In vacancies leads to a magnetization
of all atoms in the Ni sublattice.

*Corresponding author; shein@ihim.uran.ru
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