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Abstract

This study employs first-principles calculations based on density functional theory (DFT) with the
GGA+U approximation to examine the structural, electronic, magnetic, and thermoelectric properties
of MgCNi3. The results reveal that MgCNi3 is a weak ferromagnetic and metallic material, characterized
by strong covalent bonding and a net magnetic moment of 0.15 µB per formula unit. Spin-polarized
calculations further indicate that the material exhibits a non-zero magnetization, with the spin-up and
spin-down electron densities showing distinct distributions. The thermoelectric evaluation demonstrates
remarkable energy conversion efficiency, with a significant Seebeck coefficient and high figure of merit
(ZT) across temperatures ranging from 300K to 900K. The ZT plot suggests that P-type doping may
offer the best performance. These findings provide critical insights into the material’s potential for appli-
cations in thermoelectrics, superconductors, and spintronics, emphasizing its suitability for integration
into advanced functional devices.

1 Introduction

Anti-perovskite materials have emerged as promising candidates for the advancement of modern technologies
due to their unique structural, electrical, and magnetic characteristics. Their relevance spans a wide spec-
trum of next-generation applications, including superconducting devices, spintronic memory systems, ther-
moelectric energy conversion, and energy storage capacitors [[1],[2]]. These materials have great potential
for use in nanoscale devices and strain-engineered microelectronics, where excellent functional performance
and high mechanical stability are crucial [[3],[4],[5],[6]]. The atomic arrangement of anti-perovskites (AX3B)
is inverted, with X being a cation and A and B being anions, in contrast to typical perovskites (AX3B).
Their unique structural arrangement allows for the fine-tuning of properties like spin-polarized conductiv-
ity, thermoelectric efficiency, and superconductivity, especially with transition metal elements like Ni. This
makes them ideal for low-power electronics, high-performance computing, and quantum devices [4]. Anti-
perovskites, such as MgCNi3, are perceived as a novel class of quantum materials with enormous potential
due to the continuous worldwide research being conducted on these materials.

The synthesis and structural stability of anti-perovskites provide substantial scientific restriction that
limit their wider application, despite their promising qualities. According to published research, orbital
hybridization, strain conditions, and lattice distortions, particularly those involving Ni's partially filled d-
orbitals, that all affect the electrical and magnetic behavior of materials like MgCNi3 and others. MgCNi3
shows a cubic perovskite crystal structure with metallic bonding in experimental investigation [[7],[8],[9],[10]].
Consistent material performance is hampered, nevertheless, by instability under different temperature and
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pressure settings as well as the challenge of preserving phase stability in thin films. Through the analysis of
cohesive energies and phonon dispersions, computational studies have sought to overcome these restrictions
and validate the dynamical and thermodynamic stability of MgCNi3. In these investigations, it is found
that the presence of substantially negative cohesive energy values and the lack of imaginary phonon modes
indicate robustness against thermal and mechanical perturbations [7-9]. Still, there hasn't been a thorough
investigation of these materials' thermoelectric qualities, despite tremendous theoretical and experimental
advancements.

The lack of latest investigated research combining structural optimization, electron charge density map-
ping, and thermal transport modeling specifically for thermoelectric applications is the gap in the current
body of knowledge. Despite the fact that superconducting and magnetic properties have been the sub-
ject of countless investigations, little is known about the thermoelectric behavior of MgCNi3, particularly in
thin-film topologies under various strain circumstances [[11],[12],[13]]. Systematic research on anti-perovskite
materials is further constrained by regional issues, such as the scarcity of synthesis methods and experimental
equipment in underdeveloped nations [[14],[15]]. Utilizing computational approaches offers a powerful and
affordable tool for examining material properties in the setting of regional research institutes and materials
science labs in nations like Pakistan. The development of optimal anti-perovskite compositions appropriate
for energy applications in resource-constrained contexts can be greatly accelerated by the use of machine
learning algorithms and first-principles calculations to forecast stability, bonding nature, and thermal per-
formance.

In order to fill this research gap, the current study uses first-principles simulations to investigate the
thermoelectric characteristics of MgCNi3. The goals are to use cohesive energy and phonon dispersion meth-
ods to evaluate the structural, electronic, and dynamical stability; analyze charge density distributions to
comprehend bonding characteristics; and examine trends in thermal conductivity to determine whether it
is suitable for thermoelectric applications [[16],[17],[18],[19],[20],[21],[22]]. Investigating the thermoelectric
characteristics of MgCNi3 with an emphasis on comprehending how electronic interactions, atomic bonding,
and strain modulation affect energy transport pathways is the ultimate goal of this work. This work aims to
establish a strong basis for the creation of high-efficiency thermoelectric materials in the anti-perovskite fam-
ily by coordinating theoretical predictions with experimental characteristics [[23],[24],[25],[26],[27],[28],[29]].
This work adds to the larger scientific effort of creating environmentally stable, energy-efficient materials for
tomorrow's technology, paying special attention to the local research setting.

2 Method of Calculations

The structural, electronic, thermoelectric, and magnetic properties of MgCNi3 were investigated using
WIEN2k, a first-principles computational package grounded in density functional theory (DFT) and based
on the full-potential linearized augmented plane wave (FP-LAPW) method [[30],[31],[32],[33],[34],[35],[36]].
This method uses first principles to solve the quantum mechanical equations driving electron interactions,
allowing for high-precision structural and electronic structure calculations. Perdew and colleagues devel-
oped the generalized gradient approximation with Hubbard U correction (GGA+U) and the local density
approximation (LDA) to precisely assess structural and electrical features as shown in Flow chart 1. Using
the magnetic moment technique, which accurately depicts the spin-polarized behavior of electrons, magnetic
properties were evaluated. The BoltzTraP code, which computes semi-classical transport coefficients based
on the electronic structure derived from DFT, was used to investigate thermoelectric properties [32-36]. Es-
sential thermoelectric parameters like the Seebeck coefficient, electrical conductivity, thermal conductivity,
power factor, and figure of merit as functions of temperature and chemical potential are provided by Boltz-
TraP, which solves the Boltzmann transport equations under the constant relaxation time approximation
[[37],[38],[39],[40]]. By forecasting how well MgCNi3 can transform heat into electrical energy, these calcula-
tions provide important information about the material's potential for thermoelectric applications. By using
these sophisticated computational methods, theoretical predictions become more accurate and more in line
with experimental observations.
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Flowchart 1. for studying structural, electronic, thermoelectric,and magnetic properties using spin-polarized
DFT.

3 Results and Discussion

In this section, we explore various properties and characteristics of the material MgCNi3 to understand its
structural, electronic, thermoelectric and magnetic behavior in detail.

3.1 Structural Properties

The first-principles full-potential linearized augmented plane wave (FP-LAPW) approach has been used to
analyze the structural characteristics of MgCNi3 inverse perovskite within the framework of density func-
tional theory (DFT) [[41],[42],[43]]. The GGA+U exchange-correlation functional was used to determine
the equilibrium unit cell volume (V)), bulk modulus (B), and its pressure derivative (B′). As atomic size
increases, the bulk modulus of CdCNi3 shows a trend of decreasing stiffness, confirming the expected inverse
relationship between compressibility and lattice expansion. 5.000 was found to be the pressure derivative
B′ for MgCNi3, indicating a stable mechanical response to pressure variations. These results highlight the
importance of atomic size in affecting mechanical stability and support previous research on perovskite ma-
terials through computer analysis.The declining plot line in the structural optimization plot shows stability,
indicating that the material has become more stable, as seen in Figure 1. With the theoretical and exper-
imental lattice properties described in Table 1, the unit cell of the material under investigation displays a
cubic inverse perovskite crystal structure, as shown in Figure 2.

Inverse perovskites, particularly those with carbon as the anion, have received little attention in previous
research, which has mostly focused on conventional perovskites. The structural integrity of MgCNi3 under
ambient conditions is highlighted by its cubic phase stability in the Pm-3m space group. According to a
comparison study with other ACNi3 compounds, CdCNi3 has mechanical qualities that fall between ZnCNi3
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and MgCNi3, in line with trends in atomic radius. The mechanical properties of CdCNi3 are influenced by a
noticeable anion-cation inversion, which sets it apart from oxygen-based perovskites. By offering a thorough
evaluation of their volumetric and mechanical characteristics, this work advances our understanding of inverse
perovskites and advances the field of carbon-based perovskite materials.

The computational analysis of MgCNi3 in this study is intriguing since it offers new information on its
bulk modulus and pressure response. In order to provide a prediction framework for comparable materials,
the study creatively correlated periodic atomic trends with macroscopic material features. Limitations do
remain, though, mainly because of the absence of experimental confirmation and possible temperature-
dependent effects that could change phase stability. Further research into MgCNi3's electrical and magnetic
properties would also offer a more thorough understanding of its possible uses, even if its mechanical qualities
have been well examined. Notwithstanding these difficulties, this research makes a substantial contribution
to our understanding of inverse perovskites and establishes the foundation for their possible employment in
technical applications in the future.

Figure 1: Cubic optimization plot of inverse perovskite MgCNi3, showing the optimized atomic arrangement
within the unit cell.

Table 1: Calculated lattice parameter (a in Å), bulk modulus (B in GPa), pressure derivative (B), unit cell
volume (V in Å³), and ground state energies for MgCNi3 inverse perovskite crystallized in the cubic

(Pm-3m) phase for spin state (S) using the GGA potential.

Compound ao(Å) B(GPa) B´ Vo(Å
3) Eo(eV)

MgCNi3
Calculated(S) 3.81 5.000 -20380.1204
Experimental 3.84 210.9844 373.3923

3.2 Electronic Charge Density

Understanding the bonding properties of materials requires knowledge of the electron charge density. It
provides a thorough examination of electronic dispersion and clarifies whether a material's bonding is mostly
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Figure 2: Cubic crystal structure of inverse perovskite MgCNi3, illustrating the atomic arrangement and
spatial configuration within the unit cell.

ionic or covalent. Charge density can be analyzed along certain crystallographic planes in density functional
theory (DFT) calculations to clarify the nature of atomic interactions [[44],[45]]. Using electron charge density
plots along the (100) plane, as shown in Figure 3, this work investigated the bonding properties of the inverse-
perovskite MgCNi3. According to the study, MgCNi3 bonding is primarily metallic, with significant covalent
contributions in comparison to ionic bonding. Electrons are delocalized and not tightly confined to individual
atoms, as shown by the charge density overlaps between nearby atoms. Electrons can move freely throughout
the lattice due to the delocalization property of metallic bonds, which improves electrical conductivity. Since
the electron density features are symmetrically distributed and show no discernible localization, the spin-
polarized charge density emphasizes the metallic character. The results demonstrate MgCNi3's unique
bonding properties, where the interplay of covalent and metallic forces amplifies its remarkable electrical and
magnetic properties, establishing it as a potential contender for cutting-edge technological applications.

3.3 Band Structure

The Generalized Gradient Approximation (GGA+U) method inside density functional theory (DFT) was
used to calculate the band structure of the inverse perovskite MgCNi3 [[46],[47]]. Important information
about this material's electrical characteristics is given in Figure 4. The metallic character of MgCNi3 is
confirmed by the Fermi energy level, which is 0.0 eV. This metallic conductivity is further supported by
the overlapping of the electronic states at different symmetry sites, such as Γ, X, and R. Interestingly, the
distinctive metallic behavior, where the conduction band is partially filled, is indicated by the junction of the
valence band maxima with the conduction band minima at various symmetry positions. The compound's
metallic nature is further emphasized by the significant overlap of states at the M symmetry point, which is
seen in Figure 4. The general behavior is consistent with metallic conductivity, while certain symmetry points
point to superconducting properties, such as overlapping conduction band states. One of the main reasons for
MgCNi3's exceptional conductive qualities is the lack of a band gap. Because of its strong covalent bonding,
weak ferromagnetism, and metallic conductivity, MgCNi3 is a promising material for a variety of cutting-edge
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Figure 3: Electron charge density distribution of MgCNi3 calculated using the GGA + U method.

electrical and magnetic applications, demonstrating its promise for future technological advancements.

3.4 Density of States

The electrical structure and bonding properties of the MgCNi3 inverse perovskite are clarified by the density
of states (DOS). Figure 5 shows the results of the density of states (DOS) calculations using the generalized
gradient approximation (GGA + U) method in density functional theory (DFT). These curves help determine
whether a material is a metal, non-metal, or semimetal. The partial density of states (PDOS) and total
density of states (TDOS), which represent the frequency of electronic states in the valence and conduction
bands, can be used to determine the band structure and electron density distribution [[48],[49]]. The partial
density of states (PDOS) and total density of states (TDOS) plot for MgCNi3 are shown in Figure 5, providing
a thorough understanding of its electronic properties.

For MgCNi3, the spin-polarized density of states (DOS) and projected density of states (PDOS) calcu-
lations fall between -8 eV and 7 eV. Mg-s, Ni-d, Ni-dxy, and Ni-dxy+dyz are the main contributors to the
electronic states below the Fermi energy level, whereas Mg-p, Mg-d, C-p, and Ni-dz² show a comparatively
less contribution. The Mg-s, Ni-d, and Ni-p orbitals have the most influence on the conduction band. Strong
hybridization between these elements is indicated by the predominance of Ni and Mg states in the valence
and conduction bands, which influences the electrical properties of the material.

The analysis of the electronic structure of MgCNi3 confirms its metallic properties, as evidenced by the
continuous Fermi-level density of states. MgCNi3 has unique electrical characteristics in contrast to other
ACNi3 inverse perovskites, with Ni-d states having a major impact on its conductivity. Our understanding
of the localization and interaction of electrons in this material is enhanced by the thorough examination of
TDOS and PDOS, which facilitates potential applications in electronic and functional materials.

3.5 Seebeck Coefficient

The Seebeck coefficient of MgCNi3 at temperature range 300K to 900K, graphed against chemical potential,
exhibits a pronounced transition at which the coefficient switches from negative to positive. The alteration in
sign signifies a transition from n-type to p-type conduction, indicating a significant reliance of carrier type on
the Fermi level's position [[50],[51]]. The notable peak and trough close indicate substantial fluctuations in the
electronic density of states (DOS), which directly affect charge carrier transit. This behaviour corresponds
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Figure 4: The band gap of MgCNi3, determined using the GGA + U approach to account for strong electron
correlations.

with the Mott relation, which connects to the energy derivative of electrical conductivity, as illustrated in
Figure 6(a). Following this transition, it stabilises at reduced values, suggesting that excessive electron or
hole doping may not substantially enhance thermoelectric performance. Adjusting the Fermi level near this
transition point may enhance the thermoelectric power factor, positioning MgCNi3 as a viable contender for
thermoelectric applications.

The pronounced fluctuations indicate a sophisticated electronic band structure, potentially featuring van
Hove singularities or narrow bands that amplify the thermoelectric reaction. The existence of a pronounced
peak suggests that MgCNi3 may have a significant thermoelectric effect, contingent upon its favourable elec-
trical conductivity and poor thermal conductivity. To enhance its figure of merit, it is crucial to optimise
carrier concentration and engineer phonon transport to reduce lattice thermal conductivity. The distinctive
Seebeck coefficient profile of this material underscores its potential for thermoelectric applications, necessi-
tating more investigation into its electrical transport and thermal properties to comprehensively evaluate its
efficiency.
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Figure 5: The Total Density of States (TDOS) and Partial Density of States (PDOS) for MgCNi3, highlight-
ing orbital contributions.

3.6 Electrical conductivity per relaxation time (σ/τ)

Figure 6(b) illustrates the electrical conductivity of MgCNi3 as a function of chemical potential at tempera-
ture range 300K to 900K. The graph demonstrates that conductivity is comparatively low for negative values,
with a minor decrease around eV at low temperature, indicating a suppressed electronic state [[52],[53],[54]].
This behaviour indicates a low density of accessible charge carriers at the Fermi level, potentially attributable
to the material's band structure. As goes beyond zero, a notable increase in conductivity is noticed, signifying
an elevation in the density of states and an augmented carrier concentration facilitating electrical transmis-
sion. The observed pattern indicates that MgCNi3 has metallic behaviour at elevated high temperature
values, when electronic states become increasingly available for conduction.

The swift rise in conductivity for positive correlates with the existence of conduction bands that enable
charge mobility. The diminished conductivity at negative values may be ascribed to constraints in the
valence band, where a limited number of mobile carriers are present. The abrupt increase observed may be
associated with the material's inherent electronic features, such bandgap characteristics or electron-phonon
interactions influencing scattering mechanisms. The figure illustrates the tunability of electrical conductivity
in MgCNi3 across varying chemical potentials, positioning it as a viable choice for applications necessitating
regulated electronic transport.

3.7 Electronic Thermal Conductivity per relaxation time (κ/τ)

Figure 6(c) illustrates the electronic thermal conductivity (κe) of MgCNi3 at temperature range 300K to
900K as a function of chemical potential (µ) [[55],[56]]. The graph exhibits a non-monotonic pattern, with κe

initially declining as µ transitions from negative to zero, attaining a minimum, and thereafter rising again.
This behaviour can be ascribed to the fluctuation in the electronic density of states, which influences the
thermal transport characteristics of the material as temperature increases. Electronic thermal conductivity is
strongly correlated with charge carrier dispersion and their capacity to carry heat. A region with diminished
conductivity signifies a decrease in carrier contribution, either due to an energy gap or inhibited electronic
states, whereas an increase at elevated µ implies an augmentation in carrier participation. The curve's
asymmetry indicates that the distribution of accessible electronic states at the Fermi level may be uneven.
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Comprehending electronic thermal conductivity is essential for thermoelectric applications, as it influ-
ences the efficacy of heat-to-electricity conversion. Materials exhibiting low electronic heat conductivity and
strong electrical conductivity are advantageous for attaining a superior figure of merit (ZT). Figure 6(c) indi-
cates that MgCNi3 demonstrates energy-dependent charge transport characteristics, potentially affecting its
thermoelectric performance. The significant rise in κe at elevated µ values indicates that enhancing carrier
concentration via doping or external fields may adjust the thermal transport characteristics of this material.
Consequently, examining variations in κe offers insights into the electrical structure and its influence on
thermoelectric efficiency, positioning MgCNi3 as a viable choice for sophisticated heat control applications.

3.8 Power Factor

Figure 6(d) illustrates the power factor (PF) of MgCNi3 as a function of chemical potential across several
temperatures (300K, 600K, and 1200K). The power factor, denoted in , is an essential metric of a material's
thermoelectric efficacy, integrating the Seebeck coefficient (S) and electrical conductivity to assess the ef-
fectiveness of heat-to-electricity conversion [[57],[58]]. The plot exhibits a symmetric configuration centered
around the Fermi level, featuring two significant peaks flanking it. This symmetry illustrates the contribu-
tions from both electron (n-type) and hole (p-type) carriers, with best thermoelectric performance achieved
away from , where both and are more advantageous.

The power factor markedly improves with temperature, particularly at increasing chemical potentials,
suggesting that MgCNi3 exhibits enhanced efficiency for thermoelectric applications at higher temperatures.
This phenomenon is influenced by the increased Seebeck coefficient and electrical conductivity at elevated
temperatures, as a greater number of charge carriers are thermally activated. Nevertheless, the pronounced
peaks indicate that meticulous regulation of the Fermi level is essential for optimal performance, since
variations may lead to a substantial decline in efficacy. The expanded peaks at elevated temperatures
indicate thermal smearing effects, wherein a broader spectrum of carriers participates in transport.

These results underscore the capability of MgCNi3 for high-temperature thermoelectric applications,
contingent upon the adjustment of its Fermi level to coincide with the optimal areas of the power factor.
Strategies like as doping or electrical structural engineering could enhance performance by improving the
equilibrium between efficiency and thermal losses, so ensuring effective energy conversion while reducing
thermal dissipation.

3.9 Figure of merit

Figure 6(e) illustrates the thermoelectric performance of MgCNi3 by depicting the dimensionless figure of
merit (ZT) as a function of chemical potential (µ) at temperature range 300K to 900K. The ZT value,
indicative of a thermoelectric material's efficiency, demonstrates considerable variation with µ, with two
notable peaks approaching to one [[59],[60]]. This signifies that MgCNi3 demonstrates elevated thermoelectric
efficiency at particular energy levels, implying advantageous electronic transport characteristics. The skewed
distribution of ZT values around µ = 0 eV indicates that both electron and hole doping may improve the
material's thermoelectric efficiency, while the peaks imply optimal doping levels. The abrupt fluctuations in
ZT values signify band structure attributes, including a high density of states around the Fermi level, which
promote electrical conductivity and yield a favourable Seebeck coefficient. The near-zero ZT values at the
extremes of µ indicate that above specific doping levels, the material's thermoelectric efficiency diminishes
due to heightened thermal conductivity or diminished carrier mobility.

The existence of two separate peaks in the ZT plot indicates a sophisticated electronic structure with
various contributions from conduction or valence bands to the transport characteristics. This phenomenon
may result from a combination of heavy and light carrier bands, which can enhance the power factor while
preserving a comparatively low lattice thermal conductivity. Additionally, the figure indicates that MgCNi3
could be a good choice for thermoelectric applications at moderate temperatures, such as waste heat re-
covery or power generation. The abrupt changes in ZT values highlight the necessity of meticulous doping
regulation to sustain optimal efficiency. Additional investigation, including incorporating first-principles cal-
culations and experimental confirmation, is required to ascertain the influence of particular electronic states
on improving thermoelectric performance.
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3.10 Magnetic Properties

The magnetic properties of MgCNi3 were investigated using first-principles spin-polarized density functional
theory (DFT) within the WIEN2k framework, employing the GGA+U method. For precise results, atomic
radii and a dense k-mesh (8Ö8Ö8) were used to optimize the structure, which crystallized in the Pm-3m
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Figure 6: [(a)–(e)] presents the Seebeck coefficient, electrical conductivity, thermal conductivity, power factor,
and figure of merit from 300K to 900K. These graphs highlight the material's thermoelectric properties,
showing how key parameters evolve with temperature, essential for optimizing energy conversion efficiency
in thermoelectric applications.

cubic perovskite space group [[61],[62],[63],[64]]. In order to investigate their effect on magnetism, GGA+U
calculations were conducted on Ni 3d orbitals with U values ranging from 2 to 5 eV after a non-magnetic
GGA self-consistent field (SCF) calculation. Mg [1s² 2s² 2p 3s²], C [1s² 2s² 2p²], and Ni [1s² 2s² 2p 3s² 3p
3d 4s²] are the atoms' electronic configurations. The system's spin-polarization was taken into account when
calculating the magnetic moment. The results show that MgCNi3 has a total magnetic moment (MMTOT)
at 0 µB and is non-magnetic when U = 0 eV (pure GGA). According to Table 1, Ni exhibits a modest
ferromagnetic propensity as U grows, developing a weak local moment that reaches 0.15 µB at U = 4 eV.
Furthermore, some magnetism can also be found in the material's interstitial sites and cubic dimensions.
Nonetheless, the modest total moment suggests that the material is close to a magnetic instability, which is
consistent with experimental results showing superconductivity to be superior to magnetism. The significance
of electron correlations in Ni 3d states is shown by these findings.
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Table 2: Inverse perovskite MgCNi3 material total and interstitial spin magnetic moment.

Material

Magnetic
Moment
(µB) of X

Magnetic
Moment
(µB) of Y

Magnetic
Moment
(µB) of Z

Interstitial
Magnetic
Moment (µB)

Net Magnetic
Moment (µB)

KAlTe2 0.02 0.01 0.10 0.02 0.15

Figure 7: Domain alignment under external magnetic field shows how magnetic moments orient, forming
regions to minimize energy and create net magnetization.

The development and maintenance of magnetism in materials is explained by magnetic domain theory.
As seen in Figure 7, in an unmagnetized state, the overall magnetization is cancelled out by tiny areas
known as domains that have randomly oriented magnetic moments. These domains start to line up when an
external magnetic field is introduced, resulting in a magnetized state where the majority of moments point
in the same direction. To reduce internal energy, domains in real materials create regions with opposite
orientations rather than being fully aligned, creating a domain structure. Materials have special magnetic
characteristics because of this balance between energy minimization and magnetic alignment.

Figure 8: Hysteresis loop and Domain wall energy for material

Figure 8 illustrates how some materials behave as permanent magnets because of the hysteresis loop,
which explains how a material maintains magnetization even after the external field is withdrawn. According
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to the domain wall energy vs. width connection, broader domain walls are more stable while thinner walls
have more energy. Larger magnetic domains are thus frequently formed by materials in an effort to lower
total energy. As a result, magnetic materials respond to external stimuli, such as applied magnetic fields,
by developing structured domains that help stabilize their magnetic characteristics rather than remaining
totally magnetized.

Figure 9: Orbital motion and SOC in MgCNi3 influence Ni 3d states, shaping its weak magnetism and
interplay with superconductivity.

The electronic properties of MgCNi3 are heavily influenced by the electronic configuration of the Ni
atoms. Nickel (Ni) has an atomic number of 28, and its electronic configuration in the ground state is: Ni:
[Ar] 3d 4s².

For MgCNi3, the 3d electrons are very crucial to the material's magnetic and metallic properties.
The electrical structure is influenced by the bonds that the Ni 3d orbitals make with nearby atoms. The
conductivity and magnetism of the material are attributed to these 3d electrons, which are comparatively
more localized than the 4s electrons.

Weak ferromagnetism is produced in MgCNi3 by the alignment of the spin-polarized 3d electrons in
either spin-up (^) or spin-down (_) states. These three-dimensional electrons contribute to a tiny net magnetic
moment in the material but do not form a robust, fully ordered magnetic state, which results in weak
ferromagnetism.

Ni's electronic band structure, magnetic characteristics, and prospective uses in magnetism and super-
conductivity are all significantly influenced by its electronic configuration, especially its 3d orbitals.

Figure 10: SOC with spin up and down of investigated material.

Through energy level splitting, spin-orbit coupling (SOC) affects MgCNi3's electronic and magnetic
characteristics. As seen in figure 10, SOC causes a shift in the left plot where the initial energy levels (black)
divide into spin-up (red) and spin-down (blue) states. There is a little energy difference between the two

London Journal of Physics 13 DOI 10.69710/ljp.v2i1.14179

https://dx.doi.org/10.69710/ljp.v2i1.14179


Remarkable Thermoelectric and Magnetic Properties of Anti-Perovskite MgCNi3 Volume 2 No 1

spin states as a result of the interaction between an electron's spin and orbital motion. Understanding
magnetic anisotropy, in which the preferred direction of magnetization is dependent on SOC strength, re-
quires an understanding of the splitting. This interaction plays a crucial role in weak ferromagnetism and
superconductivity in materials such as MgCNi3, influencing both electronic band structures and magnetic
behavior.

The Density of States (DOS) is altered by SOC, as shown in the plot on the right. The DOS has a
symmetric distribution (black dashed line) in the absence of SOC. Nevertheless, SOC modifies the overall
electrical structure by causing a minor shift in the energy states (red curve). The material's transport
properties are impacted by this change in conductivity and magnetic interactions. Given that MgCNi3 has
the potential to be a superconducting material, knowledge of these SOC-induced changes contributes to the
explanation of its distinct magnetism-superconductivity interaction, which makes it a promising subject for
additional theoretical and experimental research.

4 Summary and Conclusions

Anti-perovskite materials, especially MgCNi3, exhibit exceptional potential for sophisticated electrical and
energy applications owing to their distinctive structural and electronic characteristics. This research in-
vestigates the structural, electrical, magnetic, and thermoelectric properties of MgCNi3 utilising density
functional theory (DFT) with GGA+U approximations. The results indicate its metallic characteristics,
marked by substantial covalent bonding and a net magnetic moment of 0.15 µB per formula unit, affirming
its ferromagnetic properties. The examination of the Seebeck coefficient reveals elevated values for both
P-type and N-type doping, with a figure of merit (ZT) beyond 1, indicating exceptional thermoelectric per-
formance. The interaction of electrical, magnetic, and thermal properties highlights MgCNi3's potential for
energy conversion, data storage, and spintronic applications. These findings confirm CdCNi3 as a multi-
faceted material for next-generation technologies, presenting prospects for innovation in material science.
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