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This study investigates the electronic and superconducting properties of Ni;AC (A: Mg, Zn, and Cd) an-
tiperovskites through first-principles computational methods. Importantly, Ni;MgC has been identified as a
superconductor with a transition temperature (T,) of 8.644 K, while Ni;ZnC and Ni;CdC exhibit T, values
of 2.172 K and 3.861 K, respectively, in remarkable agreement with experimental. The electron—phonon
interaction strength in these materials suggests medium-coupling superconductivity. This study provides
significant insights into the mechanisms driving superconductivity in metal-carbide antiperovskites, identifying
opportunities for their use in advanced technologies.

1. Introduction

Antiperovskites, usually referred to by the formula X;BA, where X
is a cation and A and B are anions of differing sizes, display atypical
properties, including superconductivity and superionic conductivity,
giving them suitable for various applications [1-3]. In 2001, He et al.
discovered the new superconductor MgCNis, with a transition temper-
ature of around 8 K to the superconducting state [4]. This discovery
led to increased interest in Ni-based antiperovskite compounds. These
compounds are known for their high Ni content, which suggests that
magnetic interactions might be an important factor in their supercon-
ducting behavior. We also allowed for the emergence of magnetic
properties in the Ni;AC (A: Mg, Zn, and Cd) materials, but no evidence
for spin polarization was found. AICNi; [5] and ZnCNi; [6] have been
synthesized by substituting Mg with Zn and Al in the superconducting
intermetallic perovskite MgCNi;, yet superconductivity has not been
observed in any compound. Experimental results for ZnCNi; suggest
that it has a lower density of states at the Fermi level compared to
MgCNij;. The decrease in the density of states could explain why ZnCNi;,
has a transition temperature around 2 K [6]. The synthesized CdCNi,
suggested superconductivity at around 7, = 2.5-3.2 K, confirming
the theory related to the density of states [7]. The mechanical and
superconducting properties of ZnNNi;, MgNNi;, and CANNi, are proven

in a first principle study by Chong Li et al. [8], which explains the roles
of Zn, Mg, and Cd components in density of states .

Antiperovskite metal-carbides with the formula Ni;AC (A = Cd,
Mg, Zn, Al, Ga, and In) have attracted considerable attention due to
their exceptional mechanical properties, including high ductility and
strength [5,7-13]. Among these, Ni;CdC is a known superconductor
with a transition temperature (T,.) of 3.4 K [7]. Additionally, the me-
chanical stability of ZnCNi; and CdCNi; under high-pressure conditions
has been explored [14]. Numerous studies have been conducted to
explore the origins of superconductivity in the intermetallic antiper-
ovskite Ni;MgC [15]. Lin et al. [16], examined its low-temperature
specific heat and suggested that Ni;MgC follows moderate-coupling
BCS behavior. The Eliashberg approach was also used to investigate
the thermodynamic parameters of the superconducting antiperovskites
CdCNi3 and MgCNi3, and, revealing that they exhibit medium and
strong coupling, respectively [17-19]. In contrast, Singer et al. [20] in-
vestigated the nuclear spin-lattice relaxation rate, finding that Ni;MgC
behaves as an isotropic s-wave superconductor in the weak coupling
regime, with a coherence peak below its critical temperature (7,) of
7 K. Using DFT calculations, Shim et al. [21] identified Ni-3d states
near the Fermi level as crucial to the properties of the material. They
reported that Ni; MgC has a prominent and narrow peak in the density
of states near the Fermi level, in contrast to Ni;MgB and Ni;MgN,
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and proposed that the superconducting behavior in Ni;MgC can be
adequately explained by the conventional phonon mechanism. In this
study, we investigate the electronic and superconductivity properties of
Ni;AC (A: Mg, Zn, and Cd). The purpose of this study is to understand
the mechanism behind its superconductivity for each compounds.

2. Theory

Plane-wave periodic density functional theory codes on Quantum
Espresso are applied for quantum mechanical approaches [22,23].
Generalized gradient approximation (GGA) parametrization has been
used to compute the exchange—correlation functional. The interaction
of the valence electrons with ionic cores is modeled by ultrasoft pseu-
dopotentials [24]. The energy cutoff for plane wave expansions is
set to 60 Ryd. The solution of Kohn-Sham equations [25] have been
achieved by considering a set of Monkhorst-Pack special k points [26].
The structural characteristics of the compound are determined using
a (20 x 20 x 20) k -mesh, while the electronic structure calcula-
tions are done by a denser (24 x 24 x 24) k-mesh. In electronic
structure calculations, a more denser k-mesh is required compared to
geometric optimization, as it ensures accurate sampling of electronic
wavefunctions in k-space, which is essential for determining accurate
band structures and electronic properties.

The phonon properties of these materials have been utilized using
the linear response method [22,23]. Brillouin-zone (BZ) integration was
achieved for phonon calculations using the 4 x 4 x 4 Monkhorst-Pack
k-points. We started by generating ten dynamical matrices correspond-
ing to the Monkhorst-Pack grid 4 x 4 x 4. Then, using Fourier transfor-
mation, they are transformed into real space, generating force constants
that could be used to define phonon frequencies for any g-points. This
methodology allows the calculation of the electron—phonon interaction
and, then, the determination of 7,. The electron-phonon interaction
has been explored using the linear response theory method within the
framework of the Migdal-Eliashberg theory as follows [27,28]

i 2
Yaj = 27005 D188 gl 5k = €POEGesqm — €5): M
knm
where the relevant electron-phonon matrix elements g%  which
(k+q)m:kn

govern this interaction, have been accurately estimated through self-
consistent calculations employing the linear response theory [22,
23].

The Eliashberg spectral function(a?F(w)) can be defined in terms of
the phonon linewidth y,; of mode j at wavevector g by

2 _ 1 Yaj _
a”F(w) = 3N % hwqj& (a) a)qj), 2)

where N(Ej) corresponds to the electronic density of states at the
Fermi level. The electron—phonon coupling constant has the following
form
y .
for = zrhN(zj) 2 ®
F wqj

The total electron-phonon coupling constant A and logarithmically
averaged frequency w,, can be obtained from the integration of the
Eliashberg spectral function.
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The value of superconducting transition temperature T, can be obtained
from the Allen-Dynes modified McMillan formula [29,30].

1.04(1 + 4)
p<_/1—y*(l +O.62/1)>’ ©

where y* points out the screening Coulomb pseudopotential, frequently
having a value between 0.10 and 0.16 [29,30]. We set x* as 0.13 in
this study.
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3. Computational results
3.1. Structural, electronic and fermi surface properties of Ni;AC

Ni;AC (where A represents Mg, Zn, and Cd) crystallizes in a cubic
structure characterized by the space group Pm3m (No. 221) and has 5
atoms per unit cell. The atomic positions in the Wyckoff positions are
as follows: Ni atoms are located at (0.5, 0, 0), A atoms at (0.5, 0.5, 0.5),
and C atoms at (0.0, 0.0, 0.0). The crystal structure of Ni;AC (A: Mg,
Zn and Cd) is shown in Fig. 1. The geometric optimization is used to
determine the structural properties of Ni;AC. Ab initio calculations are
utilized to achieve structural optimization, aiming for minimum total
energy and zero force on atoms to obtain lattice parameter, equilibrium
volume and bulk modulus. The calculated values of the lattice parame-
ters for Ni;AC (A: Mg, Zn and Cd) are determined as 3.822, 3.754, and
3.843 10\, which are excellent agreement with previous results [6,7].
The our theoretical results for Ni;MgC, Ni;ZnC, and Ni;CdC show
excellent agreement with recent experimental data, with deviations of
just 0.31%, 2.5%, and 1.07%, respectively.

An in-depth analysis of the electronic band structure and density of
states (DOS) is crucial for understanding the properties of conductivity
and superconductivity. Fig. 2 shows the electronic properties of cubic
Ni;AC (A: Mg, Zn and Cd), showcasing the band structure along with
I' -X-M-R-I'-M in the Brillouin zone, the total and partial density of
states (DOS and PDOS) and the Fermi surface. The electronic band
structures of Ni;AC (A: Mg, Zn and Cd) reveal two bands crossed the
Fermi level, indicating their metallic nature. A critical analysis of total
and partial density of states in detail, shown in Fig. 2, shows that while
the filled portion of the electronic density of states is divided into two
sections by a gap for Ni;MgC, Ni;ZnC and Ni;CdC is split into three
regions. The lowest energy regions are dominated by the mixture of
both s states of Ni and C atoms for each compound. This is to be
expected since the low-energy levels are mostly filled with s states.
Fig. 2 illustrates the total and partial density of states for Ni;MgC.
In the energy range of -7.2 < E < —3.5 eV, a strong hybridization
between C 2p and Ni 3d states is clearly observed. The dominance
near Fermi level for Ni;MgC is primarily attributed to the Ni 3d states,
with minor contributions from C 2p states. Fig. 2(b) differentiates from
Fig. 2(a) with high peak in energy range of -8 < E < —6 which is
under the dominance of Zn 3d states. In the energy range of —5.3 <
E < —-3.8 eV, a strong hybridization between C 2p and Ni 3d states is
clearly observed. The major contribution near Fermi level for Ni;MgC
is primarily attributed to the Ni 3d states, with minor contributions
from C 2p states. The similarity of the total and partial density of states
in valence and conduction bands between Ni;ZnC and Ni;CdC can be
seen from Fig. 2(b) and Fig Fig. 2(c) including the peak behavior in
low energy region. The Fermi level plays crucial role to understand the
mechanism of superconductivity. The value of N(Ey) plays a key role
in superconductivity since the electron-phonon coupling parameter
(4) varies linearly with N(E), as described by the McMillan-Hopfield
expression [29]:
_ NERI?)

A= M{w?) )

where (»?) represents the average squared phonon frequency, (I?) is
the average squared electron—-phonon matrix element, and M is the
average atomic mass. We determined that the electronic density of
states at the Fermi energy, N(Ey), is 4.88, 3.91 and 4.52 states/eV for
Ni;MgC, Ni;ZnC and Ni;CdC, respectively. From these values, we can
infer that the critical temperature (7,) of Ni;MgC is higher compared
to the other materials.

Fig. 2 suggests that the most important contribution to the forma-
tion of Cooper pairs of Ni;AC (A: Mg, Zn and Cd) which governs the
transition from metallic to superconducting states come from the Ni 3d
states.

Figs. 2(a-c) shows the Fermi surfaces for Ni;MgC, Ni;ZnC and
Ni;CdC, respectively, based on the GGA calculations for the two bands
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Fig. 1. Antiperovskite crystal structure of Ni;AC (A: Mg, Zn and Cd).

crossing the Fermi level. The topologies of the Fermi surfaces are quite
similar for NizMgC, Ni;ZnC and Ni;CdC when Nickel is present in
all three compounds. This similarity is likely due to the significant
influence of the d-states from Nickel near the Fermi level, which plays
a similar role in all these materials. Fig. 2 shows two bands that cross
the Fermi level. The lower band, near the X point, forms a complex
heavy sheet with an octahedral cage-like structure and a thin along the
R — M direction. On the other hand, the upper band creates a Fermi
surface with two sheets, consisting of flattened square shapes centered
around the X point that transform into ovoids as they approach the
high-symmetry path from I to R.

The electron charge density plays a crucial role in understanding
the nature of chemical bonding and the transfer of charge between
ions when atoms come together to form a compound. We calculated
the charge density to understand the nature of the chemical bonding,
as shown in Fig. 3. The charge density maps for Ni;MgC, Ni;ZnC
and Ni;CdC illustrate significant variations in the electron density
distribution around the central atoms (Mg, Zn, Cd). In Ni;CdC, the
Cd atom shows a high degree of localized electron density, suggesting
stronger metallic bonding, while Ni and C atoms display overlapping
charge densities indicative of covalent bonding. In Ni;ZnC, the Zn atom
also exhibits a high electron density, though it is slightly less localized
compared to Cd, which may imply differences in the bonding character.
The Ni and C atoms continue to show overlapping densities, maintain-
ing a covalent nature. In contrast, Ni;MgC presents a more uniformly
spread electron density around the Mg atom, indicating weaker metallic
bonding, while still retaining the covalent bonding between Ni and C
atoms. These differences in electron density distributions among the
three compounds suggest variations in the nature and strength of both
metallic and covalent bonds, influenced by the type of central metal
atom.

3.2. Phonon and electron—phonon interaction of Ni;AC

The analysis of phonon dispersion, total and partial vibrational den-
sity of states (VDOS), and electron-phonon spectral function for Ni;AC
(A: Mg, Zn and Cd) have been studied because they play a crucial role
in superconductivity. Thus the calculated phonon dispersion, total and
partial phonon density of states and electron—phonon spectral function
for Ni;AC (A: Mg, Zn and Cd) are shown in Fig. 4(a—c), respectively.
All three materials have 5 atoms per primitive unit cell, so there are
3 acoustic and 12 optical phonon modes. The presence of exclusively
positive branches in the phonon spectrum signifies the dynamical sta-
bility of each compounds. As we can see from phonon spectrum in
Fig. 4(a—c), due to mass differences there is separation region between
branches distinctly: Low-frequency region (LFR) and high-frequency
region (HFR). In the spectra of Ni;MgC, the low-frequency region
extends up to 10.0 THz, including eleven phonon branches, one of
which is localized flat band around 8 THz in Fig. 4(a). This first region
which is splitted from high-frequency region with a gap width of 6.0
THz from 16 THz to 20 THz contains 4 optical modes. The LFR of
Ni;ZnC and Ni;CdC shows that lattice vibrations appear between 0 THz
and 12.0 THz, and between 0 THz and 10.0 THz, with gap ranges of
7.0 THz and 6.0 THz, in Fig. 4(b) and Fig. 4(c), respectively. The HFR
of Ni;ZnC and Ni;CdC lies between 18.0 THz and 22.0 THz, and 16.0
THz and 20.0 THz, respectively.

The flat phonon mode around 8 THz in Ni;MgC is indeed indicative
of an Einstein-like mode. This mode is characterized by localized vibra-
tions primarily associated with the Mg atoms within the antiperovskite
structure. In this structure, Mg occupies the central position in the
cubic unit cell, surrounded by Ni atoms. The relatively flat nature of
this mode suggests that the vibrations are localized and non-dispersive,
which is typical of modes where atomic vibrations are weakly coupled
to neighboring cells.
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Fig. 2. The calculated electronic structure, partial, total DOS and Fermi surface plot of Ni;MgC (a), Ni;ZnC (b), and Ni;CdC (c).

Ni;MgC

This mode’s character is closely tied to the crystal structure, where
the weaker bonding between Mg and Ni leads to these localized vi-
brations. The Mg atoms, due to their heavier mass and the weaker
bonding environment, exhibit less interaction with surrounding atoms,
resulting in the flatness of the mode in the phonon spectrum. This
structural feature directly influences the thermal properties of Ni;MgC,
as such localized modes can reduce thermal conductivity by limiting
the effective transport of vibrational energy across the crystal. Ni;MgC
contrasts with Ni;ZnC and Ni;CdC, where the phonon modes shift to
lower frequencies with Zn and Cd, respectively, reflecting their heavier
masses and further weakened bonding, resulting in even more localized

Ni3ZnC

Fig. 3. The charge density distribution maps of Ni;AC (A: Mg, Zn and Cd).

Ni,CdC

vibrations and likely reduced thermal conductivities in these heavier
antiperovskites.

An in-depth study of the phonon density of states is necessary to
identify the atoms responsible for the vibrations in Ni;AC (A: Mg, Zn,
and Cd). In the low-frequency range (0 to 7.0 THz), the vibrations
of Ni atoms are the most significant contribution to the total phonon
density of states. In Fig. 4(a), the flat band in the phonon dispersion
near 8.0 THz causes a peak in the total density of states, with Mg
atoms playing a significant role. However, this results in only minimal
changes to the electron—-phonon coupling parameter. This is already
expected result, as Mg does not contribute to the electronic density
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Fig. 4. The calculated phonon dispersion, phonon DOS, Eliashberg spectral function and the wave-vector dependence of the electron-phonon coupling parameter for the lowest

acoustic branch of Ni;AC (A: Mg, Zn and Cd).

Table 1

The density of states of Fermi level N(E;) (States/eV), the logarithmic frequency (w,,), the average electron-phonon coupling parameter (1)

and the superconducting transition temperature (7, in K) for the antiperovskite Ni;AC (A:

theoretical results.

Mg, Zn, and Cd) system and compared with previous

Material N(Ep) (States/eV) wy, (K) y T, (K)
Ni;MgC 4.88 91.689 1.346 8.4
Exp [4] 8.0
Exp [6] 6.7
Ni;ZnC 3.91 167.030 0.567 2.2
Exp [6] <2.0
Ni;CdC 4.52 134.311 0.719 3.9
Exp [7] 3.2

of states much as we discussed in Fig. 4(a). In Ni;AC (A: Mg, Zn and
Cd), the electron—phonon interaction parameter rapidly increases in
the low-frequency range. This indicates that these vibrations have a
significant impact on how electrons scatter, more so than vibrations
at higher frequencies. The density of states for Ni;ZnC and Ni;CdC
indicates that the low-frequency range (LFR) is mainly dominated by
the hybridization of Ni-Zn and Ni-Cd, as shown in Figs. 4(b) and 4(c),
respectively. This is due to the strong covalent bonding between these
atoms. In the high-frequency region, the phonon density of states is
predominantly contributed by C atoms, as expected due to their lighter
mass, with a smaller contribution from Ni atoms. The differences in the
phonon density of states among Ni;AC (A = Mg, Zn, Cd) are primarily
due to the varying atomic masses of element A, which shift vibrational
modes to lower frequencies for heavier elements, while the similarities
stem from the consistent contribution of Ni-3d states, with the shift to
higher frequencies in Ni;ZnC due to stronger Zn-C bonding restricting
carbon atom movement. Lighter elements like Mg contribute to higher
frequency phonon modes due to their lower atomic mass, which can
be favorable in maintaining dynamical stability and higher electron—
phonon coupling in superconductors. The flat phonon mode observed
around 8 THz in Ni;MgC indicates localized vibrations that are less
dispersive, which can positively impact superconducting properties.
The interaction between electrons and phonons can be analyzed
using the linear response theory within the Migdal-Eliashberg theory.
The total electron—-phonon coupling constant (1) can be determined by
analyzing the Eliashberg spectral function (a? F(w)), as given in Table 1.
The electron-phonon coupling parameter (1) is predominantly deter-
mined by contributions from the lowest frequency range, as shown in

Fig. 4. This contribution, comprising 96%, 92%, and 91%, respectively,
mainly comes from the coordinated motion of Ni and A (Zn, Cd) atoms.
In Ni;MgC, the contribution of Mg is nearly negligible up to 6 THz, with
the dominant contribution in this frequency range originating from the
Ni atoms. In contrast, the contribution from the high-frequency region,
predominantly influenced the lighter C atom modes, is negligible. Using
the electron-phonon coupling parameter (4), the logarithmic average
phonon frequency (w;,) is determined to be 91.689, 167.030, and
134.311 K for Ni3AC (A: Mg, Zn, and Cd) respectively. The discrepancy
between the shape of the Eliashberg spectral function and the phonon
density of states (DOS) is indeed notable, particularly with the absence
of contribution from the Mg-Ni mode around 8 THz. This observa-
tion indicates that not all phonon modes contribute equally to the
electron—-phonon coupling, as seen by the selectiveness in which some
Ni-dominated modes do not contribute, while others have significant
contributions. To clarify the connection between the phonon softening
of the lowest acoustic branch and electron-phonon interaction, the
wave-vector dependence of the electron-phonon coupling parameter
for this phonon branch is given in Fig. 4. As shown in Fig. 4, the
acoustic branches highlighted in blue and red are dominant in the
electron—phonon interaction for Ni;AC (A: Mg, Zn, and Cd). The values
of A and w,, are then used to determine the superconducting transition
temperature (7,) using the Allen-Dynes modification of the McMil-
lan formula. The calculated superconducting parameters are given in
Table 1. The results for T, demonstrate remarkable agreement with
experimental results [4,6,7].

In conclusion, T, values of Ni;AC (A: Mg, Zn and Cd) is calculated
as 8.4 K, 2.2 K and 3.9 K. These values are in good agreement with the
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reported experimental values of 8.0, 2.0 and 3.0 K [4,6,7]. Finally, the
strength of the electron-phonon interaction suggests medium-coupling
superconductivity for Ni;AC (A: Mg, Zn and Cd).
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