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Abstract

Antiperovskite materials have garnered significant attention due to their rich
array of physical properties. In this study, we undertake a theoretical ex-
ploration into the phase stabilities, and the thermal and electronic transport
properties of magnesium-based antiperovskite Mg3XN (X = P, As, Sb, and
Bi) based on density functional theory (DFT) calculations, aiming at design-
ing promising thermoelectric materials. The Mg3PN and Mg3AsN possess
potential lattice distortion and strong quartic anharmonicity associated with
the tilting displacement of Mg6N octahedra. After phonon renormalization,
the thermal conductivity of Mg3PN and Mg3AsN exhibits relatively subdued
temperature responsiveness with T−0.47 and T−0.62, respectively. Of note,
the thermal conductivity of Mg3BiN drops the lowest at 900 K because of its
distinctive rattle-dominated flat vibrational modes and strong temperature
responsiveness with T−0.96, despite having a high initial value. Moreover,
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the combination of multiple degeneracy pockets and lighter dispersion band
edges in Mg3XN ensures high Seebeck coefficient and impressive electronic
conductivity, respectively. Ultimately, Mg3BiN achieves the optimal power
factor, which also guarantees its excellent thermoelectric performance with
the ZT values of 1.03 and 1.01 for n-type and p-type at 900 K, respec-
tively. Our findings shed light on the significant impact of unconventional
temperature-responsive lattice thermal conductivity on thermoelectric mate-
rials for high-temperature applications.

Keywords: Antiperovskite, Four-phonon scattering, Self-consistent phonon
theory, Thermoelectric properties, Anharmonic renormalization

1. Introduction

The escalation of energy requisites, fueled by improvements in the overall
life quality of human beings, expanding population, and the diminishment
of fossil fuel reserves [1–6], presents a complex challenge. Addressing this
predicament demands a multifaceted approach, as reliance on af singular
source proves inadequate. Consequently, diverse avenues of renewable energy
are under scrutiny as potential resolutions to the global energy crisis [7–10].
Thermoelectric (TE) materials with a high figure of merit ZT (ZT=S 2σ/κ,
where S, σ, and κ denotes the Seebeck coefficient, electrical conductivity, and
thermal conductivity, respectively.) have been attracting significant atten-
tion because of potential applications in heat-electricity conversion at high
temperatures and cooling around the room temperature [11–13]. Due to the
counter-indicative behavior of the Seebeck coefficients and electronic con-
ductivities with respect to the carrier density, it is challenging to optimize
the power factor further thus, seeking the relatively independent low lattice
thermal conductivity is considered the most feasible option because it fa-
cilitates us streamlining complex thermoelectric parameters [14]. Materials
with relatively low thermal conductivities, such as chalcogenides [15, 16], ox-
ide perovskites [17, 18], organic compounds [19], skutterudites [20, 21], and
Heusler compounds [22, 23], have been investigated as potential candidates
for thermoelectric devices that have been explored in recent years.

Since the first antiperovskite (APV) superconductor Ni3MgC was re-
ported in 2001 [24], such compounds have been studied extensively in the last
two decades, and plenty of interesting physical properties and potential func-
tionalities such as magnetic frustration [25], giant magnetoresistances [26],
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magnetocaloric effect [27, 28], negative thermal expansion [29], and nearly
zero temperature coefficient of resistivity [30, 31] have been found. Espe-
cially, the thermoelectric properties of ternary compounds crystallizing in
APV structures with narrow band gaps and dense electronic states near the
Fermi level have been extensively investigated [32]. For example, the co-
existence of lightweight and triply degenerate conduction band pockets in
Rb3AuO results in a high power factor reaching 5.5 mW/mK2 at 800 K [33].
For Ba3GeO, high valley degeneracy greatly improves the ZT from 0.4 to
1.1 when the Pm3m phase is distorted into the Pnma phase [34]. Recently,
high-throughput (HTP) DFT screening has been used to accelerate the ex-
ploration of more stable APVs [1, 2]. In our prior HTP-DFT analysis, we
identified magnesium-based nitride antiperovskite materials (Mg3XN; where
X = P, As, Sb, Bi) as stable compounds. Moreover, the Mg3XN has been
employed in higher efficient tandem solar cells as they generate high levels of
power while remaining stable [35]. In particular, Mg3PN has a relatively high
absorption coefficient, photoconductivity, and extinction coefficient deriving
from its wide direct band gap nature [36]. The Mg3SbN films are expected
to be a promising photovoltaic solar cell absorber due to the large dielectric
constant and low hole-effective mass [37].

However, comprehensive investigations on the thermal and electronic
transport properties of magnesium-based APV compounds have been lack-
ing, particularly due to the challenge posed by the existence of imaginary
phonon frequencies. This issue has impeded the conventional solution of the
BTE from accurately determining thermal conductivity in these structures.
Additionally, the conventional first-principles theory of thermal conductivity
based on the lowest-order perturbation treatment frequently results in the
lattice thermal conductivity exhibiting the T−1 dependence [38, 39], which
mainly stems from the following reason: (i) temperature-independent inter-
atomic force constants (IFCs) [40, 41] and (ii) the activation of all phonon
modes and the adherence to the Bose-Einstein distribution occur above the
Debye temperature [42]. Such an approach, however, is inadequate to de-
scribe the temperature-responsive κL for strongly anharmonic materials, as
they are affected by phase space renormalization, four-phonon scattering,
and off-diagonal terms of heat flux operators [43–45]. For example, strong
anharmonicity caused by locally asymmetric vibrations in Mg3Sb2 leads to a
weaker temperature dependence as of T−0.48 [46]. Therefore, correctly pro-
cessing the temperature-responsive κL by anharmonic renormalization is of
great significance for the accurate calculation of thermoelectric performance.
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In this work, we perform a detailed stability analysis of APVMg3XN with
the Pm3m phase, including the thermodynamic, thermal, mechanical, and
dynamical stabilities. Meanwhile, we investigate the correlative thermal and
electronic transport properties, as well as the thermoelectric performance,
to evaluate their prospects for thermoelectric applications. The calculations
have been conducted using the self-consistent phonon (SCP) theory, incor-
porating four-phonon (4ph) scattering, electron-phonon (e-ph) coupling, and
the Boltzmann transport equation (BTE). This process adhered to the proce-
dural flow depicted in Figure 1. Our results demonstrated that the presence
of potential high-order anharmonicity in Mg3PN and Mg3AsN, induced by
lattice distortion, affects not only the renormalization of vibrational eigen-
values but also the correction of the imaginary part of phonon self-energy.
Simultaneously, atypical temperature-responsive lattice thermal conductivity
(κL) caused by the renormalization of phonons significantly influences their
overall thermoelectric performance, especially at elevated temperatures. Ul-
timately, Mg3BiN exhibits the highest ZT values, measuring at 1.03 and 1.01
for n-type and p-type doping at 900K, respectively, underscoring its poten-
tial in the realm of thermoelectric applications. Our study highlights the
significance of atypical temperature-responsive kL in influencing thermoelec-
tric performance, challenging conventional three-phonon diagram in the field
of thermoelectric materials.
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Figure 1: Workflow of the thermoelectric property calculations.
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2. Methods

We performed all the calculations using the Vienna ab initio simulation
package (VASP) code [47], which employs the projector augmented wave
(PAW) method [48] and a plane wave basis set. The Perdew–Burke–Ernzerhof
exchange-correlation functional revised for solids (PBEsol) [49] was employed.
The convex hull is constructed with reference to the open quantum materials
database (OQMD). [50]. The compressive sensing lattice dynamics (CSLD)
technique was employed to obtain the anharmonic force constants [51], and
we have captured the temperature-responsive anharmonic phonon energy by
combining it with the self-consistent phonon (SCP) theory, as implemented
in the ALAMODE code [52]. The FourPhonon package has been utilized
to iteratively solve the linearized phonon Boltzmann transport to evaluate
the lattice thermal conductivity [53, 54]. The thermoelectric properties, in-
cluding carrier mobility (µ), Seebeck coefficient (S ), electrical conductivity
(σ), and electronic thermal conductivity (κe) were computed using the AM-
SET code with the adjusted band gap from HSE06 and spin–orbit coupling
(SOC) included [55]. The net atomic charges and the overlap populations was
obatined based on the density-derived electrostatic and chemical (DDEC6)
method in CHARGEMOL [56–58]. More details of the computational pro-
cesses are presented in the supporting information.

3. Results and Discussion

3.1. Structures and Stability Evaluation

3.1.1. Crystal Structures

Antiperovskite (APV) can be seen as a charge-reversal structure of per-
ovskite, where positive and negative charges occupy opposite positions. In
comparison to traditional perovskites, the general formula for the APV struc-
ture with the cubic space group Pm3m can be expressed as Az+

3 Xm−Bn−,
where A represents cation, and X and B are anions of different sizes, as
depicted in Figure 2. The octahedral sites are occupied by cations instead
of anions, endowing the APVs with unusual physical and chemical charac-
teristics associated with d -spin state/band structure or ionic peculiarity [59].
For magnesium-based APV Mg3XN (X = P, As, Sb, Bi), the Mg, X, and
N atoms are located at positions A, X, and B, respectively. Each N anion
occupies the central position of an octahedron formed by six Mg cations,
while each X anion is surrounded by twelve Mg cations in a pseudo-cage
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Figure 2: Structure comparison of ideal perovskite and antiperovskite with the cubic space
group Pm3m.

arrangement. The calculated equilibrium lattice parameters are 4.178 Å for
Mg3PN, 4.231 Å for Mg3AsN, 4.374 Å for Mg3SbN, and 4.430 Å for Mg3BiN,
receptively. Apparently, the lattice parameters of these compounds increase
with the increase of the X-atom radius. In addition, the difference in lattice
parameters between our study and other work is within a reasonable margin
of error, as listed in Table 1.

Table 1: The lattice parameters and volume of primitive cell comparison with results of
previous work.

APVs a = b = c (Å) V (Å3) Reference
Mg3PN 4.178 72.9 This work

4.183 73.19 Ref [60]
4.153 71.62 Ref [61]

Mg3AsN 4.231 75.7 This work
4.239 76.1 Ref [60]
4.217 74.9 Ref [62]

Mg3SbN 4.374 82.6 This work
4.377 83.8 Ref [60]
4.351 82.3 Ref [62]

Mg3BiN 4.430 86.9 This work
4.441 87.5 Ref [60]
4.397 85.0 Ref [61]

7



3.1.2. Thermodynamical and Thermal Stability

The formation energy (E f = EMg3XN - (3EMg + EX + EN)) and the
convex hull distance (∆EH = Ef (Mg3XN) - Ef (competing phases)) are two
important criteria for determining the thermodynamic stability [63]. Firstly,
the calculated E f is -0.807 eV/atom for Mg3PN, -0.768 eV/atom for Mg3AsN,
-0.650 eV/atom for Mg3SbN, and -0.501 eV/atom for Mg3BiN, respectively.
Secondly, the ternary phase diagrams of four APVs have been further con-
structed to measure the convex hull distance by considering all the competing
phases (Figure S1, Supporting Information). Among them, the Mg3SbN and
Mg3BiN are located on the convex hull (∆EH = 0). While the ∆EH of
Mg3PN and Mg3AsN are 23 and 5 meV per atom which is within the accept-
able range for convex hull, respectively, they are deemed as metastable. As a
result, all these APV compounds are expected to be synthesized experimen-
tally under appropriate conditions. Excitingly, the Mg3AsN and Mg3SbN
with cubic phase have been successfully prepared by the reaction of pnic-
togen and Mg3N2 at 800°C [62]. Additionally, the performance of APVs
under extreme temperature conditions also depends on their thermal sta-
bility. The thermal stability was tested by performing ab initio molecular
dynamics (AIMD) simulations with 30 ps at 300, 600, and 900 K [64]. The
total energy of Mg3XN fluctuates in a narrow range with time evolution for
all cases (Figure S2, Supporting Information). As a result, these materials
can still maintain their initial crystal state at very high temperatures, which
enhances their application value.

3.1.3. Mechanical Stability

Generally, the crystal will undergo certain deformation when it is sub-
jected to mechanical stress, and this deformation will lead to the reduction of
the energy. If the energy reduction exceeds a critical threshold, the structure
becomes unstable and undergoes failure modes such as buckling or fracture.
Therefore, mechanical stability analysis is a method to evaluate whether a
structure can maintain stability under stress. The mechanical stability can
be expressed by the strain energy (W ), which is derived from the difference in
energy between the strained (E str) and unstrained (Eunstr) states according
to the elastic constants [65, 66].

W = Estr − Eunstr =
1

2

∑
i,j

Ci,jϵiϵj (1)
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Table 2: The calculated elastic constants Cij (GPa), Bulk modulus B (GPa), Shear Mod-
ulus G (GPa), Poisson’s Ratio (ν), Pugh’s Ratio (B/G), Young’s Modulus E (GPa), and
average acoustic phonon group rate va (m/s).

APVs C11 C12 C44 B G ν B/G E va
Mg3PN 185.8 42.8 78.9 90.5 75.9 0.17 1.19 178 5853
Mg3AsN 170.4 44 76.3 86 71 0.18 1.22 167 4919
Mg3SbN 138.2 46.6 69.9 77.1 59.9 0.19 1.31 141 4165
Mg3BiN 123.2 45.2 63.7 71.2 53.8 0.20 1.36 126 3361

where Ci,j and ϵ represent second-order elastic tensors and strain, respec-
tively. For cubic APVs, there are three independent elastic constants: C11,
C12, and C44. Table 2 lists all elastic constants Cij, in which all Cij satisfy cor-
relative mechanical stability criteria ( C11−C12 > 0, C11+2C12 > 0, C44 > 0),
confirming they are mechanically stable [66].

Meanwhile, various mechanical properties parameters, including bulk mod-
ulus B, shear modulus G, Pugh’s ratio (B/G), and Young’s modulus E are
also discussed. Clearly, there is a negative correlation between the atomic
number of the X atom and the values of B and G, which is in line with
previous research [67]. The upper limit of the B and G for four APVs oc-
curs in Mg3PN with 90.5 and 75.9 GPa, respectively. This indicates that
the Mg3PN resists deformation the most and potentially has a high degree of
compressibility. By contrast, the B and G values of Mg3BiN are the smallest,
which are 71.2 GPa and 53.8 GPa, respectively. Simultaneously, all Mg3XN
compounds exhibit brittle because the values of B/G are less than 1.75 ac-
cording to the Pugh criterion [68]. Moreover, the larger the E, the more
significant the stiffness trend of the material. Thus, Mg3PN (178 GPa) and
Mg3BiN (126 GPa) are the materials with the highest and lowest hardness,
respectively.

In fact, the average phonon rates (va) associated with the acoustic branch
can be quantitatively analyzed by monitoring the elastic modulus near the
center of the Brillouin region, which is often regarded as an important indi-
cator for assessing the thermal transport characteristics, as follow [69]

va = (
1

3
)−

1
3

{
2(
G

ρ
)−

3
2 + (

B + 4
3
G

ρ
)−

3
2

}− 1
3

(2)

Generally, crystals with low bulk and shear modulus possess ”soft bond-
ing” properties [70]. As a result, the average acoustic phonon group rate
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Figure 3: The calculated phonon dispersions and corresponding phonon density of states
(PDOS) at different temperatures for (a) Mg3PN, (b) Mg3AsN, (c) Mg3SbN, and (d)
Mg3BiN, where the result of HA represents the 0 K.

va decreases successively due to the reduction of bulk and shear modulus
from Mg3PN to Mg3BiN, which are conducive to limiting the transport of
heat-carrying phonons.

3.2. Phonon dispersion

Turning now to the lattice dynamics of Mg3XN. The phonon dispersion
curves obtained within the harmonic approximation are shown in Figure 3.
Two imaginary phonon modes which transform as irreducible representa-
tions (irreps) M+

2 and R−
5 are found at the special points for Mg3PN and

Mg3AsN, while the Mg3SbN and Mg3BiN are dynamically stable at 0 K. In
particular, we observed that the vibration of Mg atoms mainly contributes
to the imaginary frequency patterns in Mg3PN and Mg3AsN. Indeed, the
Mg atoms exhibit larger mean squared atomic displacements (MSDs) along
with z -direction (Figure S3, Supporting Information). After visualization
analysis, the softening modes at points M and R in Mg3PN and Mg3AsN
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are related to in-phase and out-of-phase tilting of Mg6N octahedral units,
respectively, as shown in Figure 4. To gain a deeper insight, we calculated
the frozen phonon potential energy surface (PES) as a function of normal
mode coordinates Q at the M and R points. It is worth noting that both
soft modes at the M and R points of Mg3PN and Mg3AsN prove lattice
or dynamical instability as the presence of double-well potential, where the
minimum energy is not at the zero-tilt amplitude (Q1 = Q2 = 0) but outside
it [71]. The imaginary phonon modes of the Mg3PN and Mg3AsN are signif-
icantly hardened after the anharmonic renormalization, including the loop
diagram ascribing from the quartic anharmonicity at elevated temperatures,
while the corresponding high-frequency optical modes are hardly affected. On
the contrary, the phonon self-energy correction of the Mg3SbN and Mg3BiN
is mainly reflected in the medium and high-frequency optical phonons. The
above analysis demonstrates that accurate treatment of anharmonic interac-
tions is extremely important for lattice dynamics modeling.

The Goldschmidt tolerance factor τ was discussed to further explain the
lattice dynamic stability of APV [72, 73], which is defined by τ = (rX +
rMg)/[

√
2(rN + rMg)], where rMg, rN , and rX represent the radii of Mg3+

cation, N3− anion and X3− anion, respectively. The relatively small τ of
Mg3PN (0.85) and Mg3AsN (0.87) can serve as evidence for lattice distor-
tion, hinting at the presence of potential strong anharmonicity. While the
τ of Mg3SbN (0.95) and Mg3BiN (0.97) indicates that the two anions have
ideal sizes, thus ensuring the cubic configuration. On the contrary, the loop
diagram correction of the Mg3SbN and Mg3BiN is mainly reflected in the
medium and high-frequency optical phonons. Furthermore, the imaginary
harmonic frequency of Mg3PN and Mg3AsN means the occurrence of the
phase transition at low temperatures and the phase transition temperature
can be reasonably estimated by the equation [74]

Ω2
q(T) = a(T− Tc) (3)

It is worth noting that the frequency shift associated with the bubble self-
energy is also taken into account to improve quantitative consistency. This
has been proved to be of great significant for the accurate estimation of the
theoretical phase transition temperature in halide perovskite CsPbBr3 [75].
Considering that the soft-mode minimum energy occurs at R, it indicates
that the out-of-phase tilting plays a dominant role in the phase transition.
Based on the lowest phonon mode at R point of Mg3PN and Mg3AsN, the
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Figure 4: Crystal structure of Mg3XN with displacement pattern of the soft mode at the
(a) M and (b) R point, wherein the orange and green circles with arrows are depicted for
the displacements of the in-phase and out-of-phase tilting displacement of Mg6N units,
respectively. Frozen phonon potential energy surface (PES) of lowest phonon mode at (c)
M and (d) R point as a function of normal mode coordinates Q. The circles represent the
results of the DFT calculation, and the solid lines represent the quartic fit of the energy.

corresponding critical temperature T c of Mg3PN and Mg3AsN are 167 K and
56 K, respectively.

3.3. Lattice thermal transport

3.3.1. Lattice thermal conductivity with 3ph scattering

The lattice thermal conductivities κ3ph
L of Mg3XN, including only three-

phonon interaction in the temperature range from 300 to 900 K, are de-
scribed in Figure 5. Obviously, κ3ph

L is 5.5 W/mK for Mg3PN, 6.4 W/mK
for Mg3AsN, 7.9 W/mK for Mg3SbN, and 5.6 W/mK for Mg3BiN at 300
K, respectively. Additionally, the coherence contribution κc described by
the off-diagonal terms of the heat flux operators was also evaluated in our
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Figure 5: The calculated temperature-responsive κL of (a) Mg3PN, (b) Mg3AsN, (c)
Mg3SbN, and (d) Mg3BiN from 300 to 900 K by using SCP+3ph and SCP+3,4ph, respec-
tively.

calculations, which represents the wave-like tunneling transport channels.
Especially, it is only when the phonon mean free path (MFP) approaches the
atomic spacing that the non-diagonal contribution becomes non-negligible [71,
76]. The results show that the κc of Mg3XN is almost negligible compared
to propagation contribution (Figure S4, Supporting Information).

3.3.2. Microscopic mechanism of thermal conductivity

The microscopic mechanism of different κ3ph
L among Mg3XN compounds

can be understood based on detailed analysis. Following BTE, thermal con-
ductivity mainly involves three variables, i.e., κL = 1

V N0

∑
CV v

2
gτq, where

the V, N0, CV , vg, and τq represent the unit-cell volume, sampling number,
specific heat, phonon group velocity, and lifetime, respectively. The lattice-
specific heat C V gradually declines with the increasing atomic number of
the nitrogen group element X at the same temperature because the range of
phonon distribution n(ω) narrows [77] (Figure S5, Supporting Information).
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Figure 6: Three-phonon (3ph), four-phonon (4ph), and isotope scattering rates of (a)
Mg3PN, (b) Mg3AsN, (c) Mg3SbN and (d) Mg3BiN at 300 K.

Meanwhile, the phonon group velocity v g decreases evidently because the
phonon frequencies ωph soften, which confirms the previous analysis based
on the bulk and shear modulus for predicting the phonon rates. (Figure
S6, Supporting Information). However, observing only these two parameters
does not explain the trend of thermal conductivity in Mg3XN.

The phonon lifetime τq, which is inversely proportional to the phonon
scattering rate, plays an important role in determining κL. The scattering
rate is usually regarded as positively correlated with the Grüneisen parameter
γ, which is proportional to the cubic anharmonicity. Surprisingly, Mg3PN
and Mg3AsN exhibit a larger γ, which is consistent with previously mentioned
lattice distortions (Figure S7, Supporting Information). We find that the
cubic anharmonicity decreases with the increase of the radius of X3− anion.
Therefore, compared with Mg3AsN and Mg3SbN, Mg3PN has a lower κ3ph

L

which can be ascribed to its strongest cubic anharmonicity. Nevertheless, this
trend seems to be broken by Mg3BiN as its κ3ph

L is comparable to Mg3PN.
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After careful investigation, the puzzling abnormal change derives from special
rattle-dominated vibrational modes in Mg3BiN [78–80]. Relative flattening
of the acoustic modes can limit the scattering process to specific channels
that conserve the momentum and energy simultaneously, thereby widening
the phase space W3ph [81]. Specifically, for any mode q0 (ω0 > ωflat), the
scattering channel is greatly restricted to two specific modes (q1, ω0-ωflat)
and (q0-q1, ωflat) to ensure conservation, and reaches a maximum at ω0 =
2ωflat. (Figure S8, Supporting Information)

3.3.3. Corrected imaginary part of phonon self-energy - 4ph scattering

However, it should be noted that κ3ph
L based on renormalization is only

relying on the quartic anharmonicity correction to the real part of the phonon
self-energy, while its correction to the imaginary part needs to consider four-
phonon (4ph) scattering [82, 83]. Refining the SCP+3,4ph model by further
introducing 4ph scattering processes into the improved model, the predicted
κ3,4ph
L are 3.2 W/mK for Mg3PN, 4.6 W/mK for Mg3AsN, 7.1 W/mK for

Mg3SbN, and 5.3 W/mK for Mg3BiN at 300 K, respectively, decreased by
42%, 27%, 10%, and 6% in comparison to κ3ph

L , respectively. Noticeably,
the quartic anharmonicity of Mg3PN and Mg3AsN embodies not only fluc-
tuations in phonon frequencies but also the four-phonon scattering rates, as
shown in Figure 6. The 4ph scattering rates of Mg3PN are roughly as high
as those of the 3ph processes at 300 K but are dominant at low frequency. In
the upper left part of Figure 6(a), a distinctive feature with scattering rates
decreasing with increasing frequency is observed in 4ph scattering processes
of Mg3PN when the frequency less than 100 cm−1, which can be attributed
to the presence of the Mg-dominated soft modes. Such a similar feature
was also reported for lead-free halide double perovskites Cs2AgBiBr6 [84].
Whereas the 4ph scattering rates for Mg3SbN and Mg3BiN are only compa-
rable to the isotope scattering.

Furthermore, we also check the scattering rates of each sub-process of 4ph
interactions, and it is found that the redistribution processes (λ + λ′ → λ′′ +
λ′′′) dominate the 4ph scattering processes for all four APVs, as the simplicity
of satisfying the selection rule [85] (Figure S9, Supporting Information). At
last, the 4ph scattering can be divided into normal and Umklapp processes,
where the former redistributes momentum between phonons and the latter
impedes phonon transmission. Predominantly, the Umklapp process governs
the 4ph scattering, which indicates that thermal resistance serves as the chief
cause of the κL reduction (Figure S10, Supporting Information).
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Figure 7: The spectral/cumulative phonon thermal conductivity of (a) Mg3PN, (b)
Mg3AsN, (c) Mg3SbN, and (d) Mg3BiN at 300 K.

3.3.4. Atypical temperature-responsiveness and modal contribution

It is usually known that the temperature responsiveness of κL conforms
κL ∼ T−1 in common semiconductors. Yet, abnormally weak temperature
responsiveness is observed in Mg3PN and Mg3AsN. For example, the tem-
perature responsiveness of κ3ph

L is reduced to T−0.33 and T−0.38 for Mg3PN
and Mg3AsN, respectively. The addition of 4ph scatterings can only enhance
the relationship to T−0.47 and T−0.62, respectively. Such weak temperature
responsiveness is also seen in other perovskites with strong anharmonicity,
such as oxide perovskite BaTiO3 (T−0.49), and fluoride perovskite CsSrF3

(T−0.61), RbCdF3 (T−0.57), CsHgF3 (T−0.67) [86]. This further highlights
the necessity of anharmonic renormalization in calculating κL by considering
4ph scatterings. In contrast to Mg3PN and Mg3AsN, the temperature respon-
siveness is confirmed in Mg3SbN and Mg3BiN, i.e., κ

3ph
L ∼ T−0.82 and T−0.84

for Mg3SbN and Mg3BiN, respectively; with κ3,4ph
L ∼ T−0.95 and T−0.96, re-

spectively. Interestingly, the κ3,4ph
L of Mg3BiN (1.72 W/mK) becomes even
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lower than that of Mg3PN (2.12 W/mK) at 900 K, due to the enhanced
temperature responsiveness for the thermal conductivity in Mg3BiN. In this
regard, the atypical temperature-responsive lattice thermal conductivity can
have a strong influence on the thermoelectric properties of the material, as
discussed later.

The spectral/cumulative thermal conductivity as a function of frequency
is displayed to illustrate the effect of different modes in Figure 7. It is clear
that the acoustic and medium-frequency optical modes contribute signifi-
cantly to the κL in comparison to the high-frequency optical modes because
the low group velocity caused by relatively flat phonon dispersion restricts
the transport capacity of the latter. Also, the high-frequency optical phonons
are largely not thermally excited at low temperatures according to the Bose-
Einstein distribution. Simultaneously, the thermal conductivity of Mg3PN
and Mg3AsN is mainly suppressed in the low-frequency region, driven by the
remarkable 4ph scattering below 200 cm−1. Moreover, the κL of Mg3XN is
expected to be further restricted through nanoengineering considering the
maximum MFP [87]. For instance, the κ3,4ph

L of Mg3BiN will be reduced
from 5.24 to 2.6 W/mK when the MFP is limited to 10 nm (Figure S11,
Supporting Information).

3.4. Electronic structures

Figure 8 displays the band structures and the corresponding partial den-
sities of states (pDOS) of Mg3XN. The band gaps of Mg3XN exhibit posi-
tive linear correlations with the inverse lattice constants. Among them, the
Mg3PN (with a gap of 2.47 eV) and Mg3AsN (with a gap of 2.15 eV) exhibit
direct band gaps at the Γ point, while Mg3SbN (with a gap of 1.23 eV) and
Mg3BiN (with a gap of 0.73 eV) have the valence band maximum (VBM)
at the Γ point and the conduction band minimum (CBM) at the M point.
According to the pDOS, the valence bands of Mg3XN are predominantly
composed of the p states, i.e., the overlap of Mg[3p] - N [2p] and Mg[3p] -
X[p] states. The strong p-p hybridization also accounts for the wide valence
band width of Mg3XN of about 6 eV (Figure S12, Supporting Information).

The crystal orbital Hamilton population (COHP) is evaluated to explore
the bonding nature (Figure S13, Supporting Information). Closing to the
Fermi level, the N -X and Mg-N present anti-bonding states, while the Mg-
X shows bonding states. The net atomic charge and overlapping population
can serve as effective indicators to qualitatively assess the bond type and
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Figure 8: Electronic band structure and partial densities of states (pDOS) of (a) Mg3PN,
(b) Mg3AsN, (c) Mg3SbN, and (d) Mg3BiN based on the HSE06+SOC.

quantitatively measure the bond strength, as demonstrated in Figure 9 and
Table 3. As the electronegativity ascends from Bi to P, the charge transfer
becomes more pronounced and the ionic character intensifies accordingly. In
contrast, the extent of orbital overlap between atoms is reduced, implying
a weaker covalent contribution to the bonding. The overall conductivity
is likely to decrease with the increasing electronegativity of X, because the
carrier dynamics are modulated by the distinct nature of ionic and covalent
bonds. Specifically, the ionic bonding impedes the carrier motion by virtue
of the larger charge transfer, while the covalent bonds enable the carrier
transitions by the smaller charge difference and the wider orbital overlap,
which facilitate the intrinsic excitation.

Furthermore, the s states ofMg have a negligible contribution to densities
of states owing to the symmetry restriction imposed by the p states from X
and N [88]. The conduction bands are dominated by the Mg[3s ] and Mg[3p]
states. It is noted that the symmetrically constrained chemical bonding
nature of Mg3XN renders the system more ionic than other nitrides based
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Table 3: The transferred and shared charges (|e|) between atoms in Mg3XN (X = P, As,
Sb, Bi).

Transferred charge (|e|) Shared charge (|e|)
APVs Mg X N Average Mg-X Mg-N Average
Mg3PN 1.264 -1.846 -1.947 1.517 0.125 0.298 0.160
Mg3AsN 1.250 -1.830 -1.920 1.500 0.130 0.290 0.162
Mg3SbN 1.225 -1.820 -1.854 1.470 0.143 0.269 0.167
Mg3BiN 1.207 -1.793 -1.829 1.449 0.145 0.263 0.169

Table 4: The calculated band gaps Eg by using PBE+SOC and HSE06+SOC, Born ef-
fective charges Z*, dielectric permittivity tensors ε∞, and effective polar optical phonon
frequency ωpo.

APVs EPBE EHSE ε∞ ZMg*|| ZMg*⊥ ZX* ZN* ωpo

Mg3PN 1.74 2.48 9.121 2.625 1.675 -3.502 -3.424 8.97
Mg3AsN 1.30 2.15 10.318 2.699 1.666 -3.481 -3.584 8.85
Mg3SbN 0.56 1.23 12.787 2.768 1.751 -3.645 -3.642 8.56
Mg3BiN 0.19 0.73 15.649 2.913 1.721 -3.615 -3.931 8.20

on the classic metallic–ionic–covalent axes of van Arkel triangles [89], as seen
in Ref [90] (Figure S14, Supporting Information).

3.5. Electronic transport

The coexistence of high-dispersion band edges and electronic band degen-
eracy of Mg3XN gives rise to compelling transport properties. For instance,
the degeneracy of light and heavy bands for four APVs occurs at the Γ
point, with the former favoring a high electronic conductivity and the latter
providing a larger Seebeck coefficient [92]. After considering the acoustic
deformation potential (ADP), polar optical phonon (POP), and ionized im-
purity (IMP) scattering, the precise carrier relaxation time can be obtained.
As shown in Figure 10, the electronic conductivity σ of Mg3XN increases
sequentially from Mg3PN to Mg3BiN, which is consistent with the trend of
their carrier mobility µ (Figure S15, Supporting Information). There are two
main reasons to explain the discrepancy of their carrier mobility: (i) the neg-
atively correlated dielectric tensor causes the dominant POP scattering to
weaken sequentially (Table 4 and Figure S16, Supporting Information). (ii)
the positively correlated high-dispersion band edges lead to smaller carrier
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Figure 9: Charge sharing and charge transfer map including metallic, ionic, covalent, and
metavalent bonding. Symbols labeled “PD” represent the Peierls distorted structures of
the same compound. Note: The rest of the data in this chart is from Ref [91]

effective masses, as listed in Table 5. Concurrently, the electrical conduc-
tivity σ is inversely proportional to temperature T, which is attributed to
the increased scattering rates dominated by the electron-phonon interaction.
Emphatically, the positive phonon frequency shifts induced by the quartic
anharmonicity will reduce the electron-phonon coupling (EPC) strength be-
cause the electrons at the band edge are more susceptible to scattering by
low-lying phonons, ultimately improving the carrier mobility and electrical
conductivity [93, 94]. Hence, our calculations are based on a relatively con-
servative situation. Additionally, considering that the electrical thermal con-
ductivity κe follows the Wiedemann-Franz law (κe = LσT ) [95], where L
is the Lorenz number. Therefore, it exhibits similar changes with electrical
conductivity σ (Figure S17, Supporting Information).

The Seebeck coefficient |S| appears to have an opposite trend as the elec-
tronic conductivity σ. For instance, the Seebeck coefficient |S| is proportional
to the carrier effective mass, which follows the ordering Mg3PN > Mg3AsN >
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Figure 10: The electronic transport parameters electrical conductivity σ, Seebeck coeffi-
cient |S|, and power factor PF of Mg3XN at 300, 600, and 900 K. The solid and dashed
lines correspond to n-type and p-type systems, respectively.

Table 5: The effective masses of holes (m∗
h) and electrons (m∗

e) for the M3XN, which are
calculated using the HSE06 functional with spin-orbit coupling.

APVs VBM-CBM Γ-M Γ-R
m∗

h m∗
e m∗

h m∗
e

Mg3PN Γ-Γ 0.672 0.441 0.540 0.312
Mg3AsN Γ-Γ 0.584 0.391 0.490 0.254

Γ-M M-Γ Γ-R M-X
m∗

h m∗
e m∗

h m∗
h

Mg3SbN Γ-M 0.390 0.194 0.310 0.194
Mg3BiN Γ-M 0.262 0.181 0.195 0.181
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Figure 11: Energy isosurfaces of Mg3XN at 0.1 eV above CBM and below VBM.

Mg3SbN > Mg3BiN. To elucidate the relationship, the energy isosurfaces of
Mg3XN are displayed in Figure 11. For CBM, two types of valley pockets in
Mg3PN and Mg3AsN are located at the Γ and M points, respectively, which
is consistent with the band structure. The negligible energy gap between
CBM1 and CBM2 facilitates the participation of the secondary conduction
band, thereby enhancing spatial degeneracy and the Seebeck coefficient. In
contrast, the valley pockets of Mg3SbN and Mg3BiN appear only at the Bril-
louin zone boundary. For VBM, the valley pockets of the four APVs all
emerge at the Γ point, but their energy pocket volume differs slightly as a re-
sult of the variation in the effective mass of the carriers. Moreover, the p-type
systems have higher Seebeck coefficients than the n-type systems because of
the presence of more electron-occupied states near VBM. In the condition of
competing electronic transport parameters, the highest power factor PF is
finally captured in Mg3BiN, which means the maximum power output at the
same temperature difference.

To this end, the ZT values of Mg3XN are obtained at different tempera-
tures and carrier concentrations, as illustrated in Figure 12. At room temper-
ature, the n-type Mg3PN shows the most excellent thermoelectric properties,
with ZT ∼ 0.15 due to its low lattice thermal conductivity. However, the
temperature responsiveness of κL in Mg3PN has been significantly weakened
due to strong quartic anharmonicity with the increase of temperature, af-
fecting its overall thermoelectric performance. At elevated temperatures,
the optimal ZT is found in Mg3BiN with 1.03 and 1.01 for n-type and p-
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Figure 12: The thermoelectric figure of merit ZT as a function of carrier doping concen-
tration of (a) Mg3PN, (b) Mg3AsN, (c) Mg3SbN, and (d) Mg3BiN at 300, 600, and 900
K.

type at 900K, respectively, which is attributed to the combination of the
highest power factor PF and lowest κL caused by the temperature respon-
siveness with T−0.96. Meanwhile, the optimum concentration for Mg3BiN is
far smaller compared to others, meaning it is easier to achieve the best ther-
moelectric performance. Thanks to a cost-effective preparation scheme and
superior thermoelectric performance, Mg3BiN is expected to be a promising
candidate for high-temperature thermoelectric applications.
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4. Conclusions

In summary, we investigated the thermal-electrical transport properties
and thermoelectric performance of magnesium-based antiperovskite (Mg3XN;
X = P, As, Sb, Bi) with the cubic antiperovskite phase based on the self-
consistent phonon (SCP) theory, electron-phonon scattering, and the Boltz-
mann transport equation. Our results show that the strong quartic anhar-
monicity in Mg3PN and Mg3AsN is not only manifested in phonon self-energy
renormalization but also weakens the temperature responsiveness of the lat-
tice thermal conductivity, thereby influencing the overall thermoelectric per-
formance. While the Mg3BiN exhibits the lowest thermal conductivity at
elevated temperatures by combining its unique rattle-dominated vibrational
modes with the strong temperature-responsive relationship with T−0.96. Si-
multaneously, the combination of highly dispersive band edges and electronic
band degeneracy of Mg3XN results in remarkable electronic conductivity and
large Seebeck coefficient, respectively, and the optimal power factor PF is
captured in Mg3BiN. Eventually, the maximum ZT value has been achieved
in Mg3BiN with 1.03 and 1.01 for n-type and p-type at 900K, respectively.
We not only demonstrate that magnesium-based antiperovskite Mg3BiN can
serve as a highly promising thermoelectric material but also emphasize that
the atypical temperature-responsive lattice thermal conductivity induced by
strong anharmonicity can severely affect the thermoelectric performance of
the material, especially at high temperature. This work offers guidance for
tailoring the thermoelectric properties of strongly anharmonic materials in
the future.
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J. Paier, O. A. Vydrov, J. G. Ángyán, Assessing the performance of
recent density functionals for bulk solids, Phys. Rev. B 79 (15) (2009)
155107.

29



[50] S. Kirklin, J. E. Saal, B. Meredig, A. Thompson, J. W. Doak, M. Aykol,
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