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A B S T R A C T

Superhard materials (Vickers hardness >40 GPa) are the key to demanding materials processing in industry scale 
and synthesis via high pressure routes like in diamond anvil cells. Despite extensive research both by experiments 
and computational chemistry, synthetic diamond (Vickers hardness HV ≈ 90 GPa) is still widely used. Sharing 
metastability and structure with diamond, softer cubic boron nitride cBN (HV ≈ 60 GPa) found application as e.g. 
refractory material where diamond lacks chemical resistance. This is most prominent in contact with iron 
containing compounds, ruling out diamond-coated machining tools for steels. While there are improvements of 
those materials like grain and grain boundary optimizations, none has reached wider industrial application due 
to processing difficulty and costs. Based on the tetragonal coordination of diamond and cBN, the present work 
addresses the question of novel superhard materials from the class of carbonitrides CxNy and its analogues from 
Group IVA. A novel family of hexagonal A4N4 structures with A = C, Si, Ge is proposed based on crystal chemistry 
considerations and structure optimizations using Density Functional Theory with the Generalized Gradient 
Approximation. The structures are characterized by {A2N2} bilayers of AN polyhedra separated by repulsive N–N 
interactions. Due to short covalent bonds, the carbonitride is predicted to classify as superhard material. Ab initio 
calculations indicate thermodynamically and dynamically stable C4N4 at ambient conditions, laying the foun-
dation for successful synthesis at p > 40 GPa in the future.

1. Introduction

The carbonitrides CxNy are considered as candidate ultra-hard ma-
terials challenging diamond (Vickers hardness HV ≈ 90 GPa [1]) for 
applications in deposition layers since long, as the prediction of shorter 
bond lengths than in diamond is a criterion for selecting this class of 
materials [2–5]. In particular, the theoretically proposed nitrogen-rich 
C3N4 has been in the focus since the mid-1990s as chemical analogue 
to existing Si3N4 [6]. However, the actual existence of such nitrogen-rich 
carbonitrides (N/C > 1) was long questioned due to the high nitrogen 
content that could not be achieved in syntheses by deposition methods. 
At the atomic scale, the repulsion energy from free electron pairs of N 
atoms turned out as one reason for the instability of these structures 
according to electronic localization calculations. On the carbon-rich 
side, sub-nitrides like C7N4, C11N4 were proposed with ultra-hard 

mechanical properties and as models for spectroscopic characteriza-
tions of carbonitrides [7]. Mixed compounds like BC2N, SiC2N4 or 
Si2CN4 that avoid short contacts of free electron pairs from N atoms were 
proposed by density functional theory and found experimentally (see, e. 
g., Refs. [8–10]).

CN2 was found to be preferred in a corrugated layered structure as 
γ-CN2. Many attempts to synthesize C3N4 started from precursors like 
C2N2(NH), that is close to equiatomic, synthesized by E. Horvath-Bordon 
et al. [11] and further analysed [12]. C3N4, originally discovered by J. J. 
Berzelius and named by J. von Liebig [13], rose to prominent interest in 
photochemistry [14].

At equiatomic 1:1 composition, ‘CN’ is known as gaseous cyanogen 
in form of N ––– C–C ––– N linear molecules (dicyan). Cyanogen was first 
described by Gay-Lussac in 1816 from HCN, ClCN, and Hg(CN)2, prob-
ably earlier by Scheele in 1782 [15]. In 1847, Delbrück reported on the 
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polymerization of cyan to paracyan [16]. F. Wöhler described solid CN, 
however, no chemical structures were known from experiment. In the 
solid state, a zero-dimensional orthorhombic crystal structure was pro-
posed with arrangements of isolated N ––– C–C ––– N linear molecules with 
bond length of 1.17 Å indicating a triple bond [17]. In a recent review 
reporting theoretical investigations on the C–N phase diagram, equia-
tomic CN was identified in tetragonal forms at high pressures using the 
ab initio evolutionary algorithm USPEX [18]. A comprehensive overview 
on predicted and synthesized carbonitrides was given by E. Kroke and 
M. Schwarz [19]. There is one breakthrough regarding synthesis of 
stoichiometric CN compounds: Stavrou et al. reported a route by the 
elements at 55 GPa and 7000 K, resulting in orthorhombic β-InS struc-
ture with a 3D network of sp3 C–C and C–N bonds, but this compound 
decomposed below 6 GPa external pressure [20].

Extending to the analogues within group 14, ‘SiN’ and ‘GeN’ are not 
described, yet in the related series, Si3N4 as well as Ge3N4 are known in 
different modifications (further reading in, e.g., Refs. [21–25]). As we 
predicted pyrite type AN2 (A = C, Si, Ge) 20 years ago [26], GeN2 [27] 
and SiN2 [28] were prepared by experiment in recent years. These 
pyrite-type structures show N–N dumbbell motives avoiding N lone 
electron pairs.

The lack of layered solid ‘AN’ with A = C, Si, Ge stable at ambient 
conditions serves as a starting point of the present work which in-
vestigates the novel equiatomic hexagonal (CN)4 = C4N4 system. It is 
proposed with characteristic {C2N2} bilayers of tetrahedra as a potential 
candidate. The extension to A = Si and Ge addresses the effect of the A 
atom on the stability of AN compounds like our earlier investigations on 
AN2 compositions.

The article is organized as follows: First, the novel structural model is 
derived on expansion of the lonsdaleite structure. This model was 
optimized be to a relaxed ground state, before mechanical and electronic 
properties were calculated, i.e., elastic tensor, hardness, brittleness, 
electronic band structure, density of states, localization of electrons, 
phonon dispersions, and thermodynamic functions.

1.1. Computational methodology

This study employs quantum mechanical calculations within the 
framework of density functional theory (DFT) [29,30]. Structure opti-
mizations as well as calculations of the mechanical and dynamical 
properties were carried out using the Vienna Ab initio Simulation 
Package version 6.3.2 (VASP6) [31,32] as implemented in MedeA 3.6.3 
software of Materials Design together with projector augmented wave 
(PAW) potentials [33] and a plane-wave cutoff of 400 eV. Exchange and 
correlation effects were considered within the generalized gradient 
approximation (GGA) as proposed by Perdew, Burke, and Ernzerhof 
(PBE) [34] with corresponding PAWs _PBE N (April 8, 2002), _PBE C 
(April 8, 2002), _PBE Si (January 5, 2001) and _PBE Ge (January 5, 
2001). While PBE and other gradient corrected functionals rely on a 
semi-local approach to electronic exchange and correlation, van der 
Waals forces are addressed within Grimme’s empirical correction term 
DFT-2D to the standard GGA DFT detailed elsewhere [35]. 
Brillouin-zone integrals were calculated using the tetrahedron method 

with Blöchl corrections [36] and a Monkhorst-Pack k
→

-point mesh with 
6 × 6 × 4 to 12 × 12 × 8 points [37]. The structural optimisations were 
performed using the conjugate gradient method until the atomic forces 
were below 0.02 eV/Å and all stress components were less than 0.003 
eV/Å3. Charge transfer trends were analysed by the atoms-in-molecules 
approach introduced by Bader [38]. Applying Bader analysis results in 
atomic basins according to the definition of zero-flux-surfaces. These can 
be understood as points between atoms where sample electrons are 
attracted similarly by neighboring atomic cores. Integrating the elec-
tronic density within the basins results in numbers of electrons ne that 
allow for the calculation of atomic charges nch = Z – ne. For AX com-
positions the charge is similar the charge transfer from atom A to X with 

δ = nch. Properties related to electron localization were obtained from a 
real-space analysis of the electron localization function according to 
Becke and Edgecomb [39], which was initially devised for Hartree–Fock 
calculations and later adapted to DFT methods and which is based on the 
kinetic energy density with the Pauli exclusion principle considered. The 
resulting function ELF is normalized (0 < ELF < 1) with 3D projections 
and plane slices usually explicated in the form of color maps. Compu-
tation of mechanical properties was performed with the MedeA MT 
module employing symmetry-general least-square extraction of elastic 
coefficients described by LePage and Saxe [40,41]. Brillouin-zone 
scanning of phonons was done according to Togo et al. [42] within in-
tegrated PHONON Software 6.14 by Parlinski [43]. Topology analysis 
was performed with TopCryst online tool [44] based on the Topological 
Types Database. Energies of formation were calculated with optional 
external pressure comparing the VASP total energies of an A4N4 unit cell 
EUC

A4N4 and of the respective most stable modification of the elements at T 
= 0 K, Eatomic

A . This can be expressed as Eformation = EUC
A4N4 − 4Eatomic

A −

4Eatomic
N , because 4 + 4 atoms constitute the unit cell. The considered 

modifiactions are for carbon P63/mmc graphite [45] and Fd-3m diamond 
[46]; for silicon Fd-3m [47], I41/amd [48], P6/mmm [49], P63/mmc [50] 
and Fm-3m [51] according to Li et al. [52]; for germanium Fd-3m [53], 
I41/amd [54]; and for nitrogen Pa-3 crystal [55,56]. Complementary 
calculations are performed with the metaGGA functionals revTPSS by 
Tao et al. [57,58] and r2SCAN by Furness et al. [59]. MetaGGA includes 
contributions of the kinetic energy density. Therefore, it is considered as 
a step further on Perdew’s Jacobs Ladder of density functional approx-
imations [60]. Lastly, unit cells and crystal structure motives were 
plotted in Diamond 4.6.8 software of Crystal Impact.

2. Results and discussion

2.1. Structure characterisation and crystal chemistry

To build layered AX compounds in contrast to CsCl-, NaCl- or ZnS- 
type coordinations, knowledge from C3N4 on decreased stability of 
C–N, C–C and N–N single bonds is applied. Starting from lonsdaleite 

Fig. 1. Expansion of hexagonal lonsdaleite C4 (left) by adding one nitrogen 
atom to (middle) C4N2 and two nitrogen atoms to form the proposed C4N4 
(right). Carbon atoms in black, nitrogen in blue. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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structure C4, i.e., hexagonal diamond with space group P63/mmc (No. 
194), as shown in Fig. 1 on the left with four carbon atoms per unit cell 
(Z = 4) at 4f position (2/3 | 1/3 |z) - cf. the middle structure - with z ≈
0.95. Inserting N at the 2c position (2/3, 1/3, 3/4) like in the middle 
structure leads to an increase of the hexagonal c-axis. The resulting C4N2 
system was submitted to unconstrained geometry optimization and 
found energetically stable with the same space group as lonsdaleite. The 
investigation of this carbonitride revealed dynamic instabilities as 
indicated by imaginary acoustic phonons modes. Introduction of addi-
tional nitrogen led to four N atoms per unit cell at the 4f position (2/3, 
1/3, z) with C4N4 stoichiometry as shown in Fig. 1 on the right-hand 
side. In principle, this structure allows for the formation of N–N bonds 
related to our earlier investigated AN2 models. However, DFT relaxation 
to the ground state yielded a bilayer structure of tetrahedra. The atomic 
distance is determined as d(C–N) = 1.455 Å, which is typical for strong 
C–N single bonds. N–N distances of 2.632 Å (intra-layer) and 2.975 Å 
(inter-layer) do not indicate N–N bonding but formation of free electron 
pairs and N atoms with a tendency to repulsion and structuring of layers. 
Closer investigation pointed to a major role played by the N(2s2) lone 
pair in the formation of the new structure as discussed below in the 
context of electron localization. There is a deviation from the ideal 
tetrahedral angle of 109.47◦ especially in the case of C4N4. The relaxed 
crystal structures are presented in Fig. 2 with relevant parameters 
summarized in Table 1. C4N4 and Si4N4 can be characterized with 
3,4L147 topology, while Ge4N4 obeys a honeycomb structure with hcb 
topology. Subsequent literature search showed that such topology 
characterizes layered chalcogenides as GaS [61] and InSe [62].

Energies of formation of the proposed structures were found to be 
+2.44 eV (C4N4), −6.57 eV (Si4N4) and +0.43 eV (Ge4N4) per unit cell, i. 
e., Si4N4 is found thermodynamically stable at ambient pressure. For 
comparison, the energy of formation of the tetragonal structure of CN 
mentioned by Dong et al. [18] was calculated and found to have the 
same magnitude as that obtained for C4N4. Though the carbon nitride is 
predicted metastable with respect to the educts at ambient pressure, this 
changes above pexternal = 40 GPa similar to PtN2 [63]. The pressure 
dependency is depicted up to 400 GPa in Fig. 3 based on results in ap-
pendix Table A2. This indicates that these structures might be accessible 
as metastable compounds at high pressure similar to diamond, lonsda-
leite, PtN2 or phosphorous [64].

2.2. Electronic properties

Fig. 4 shows the projected charge densities exhibited as red regions 
centered at the N atoms of the three calculated A4N4 structure. The 
calculated values of charge transfer δ are: δ(C4N4) = ±0.9019, δ(Si4N4) 
= ±2.2345 and δ(Ge4N4) = ±1.3525, all occurring from A (C, Si, Ge) to 
N and indicating a decrease of covalence from C to Ge and then to Si. 
These results follow the same trend as CN2, SiN2 and GeN2 [26].

Indeed, the respective Pauling electronegativities χ of the atomic 

constituents reflect these observations: χC = 2.55, χSi = 1.90, χGe = 2.01 
versus χN = 3.04, leading to ΔχC-N = −0.49, ΔχSi-N = −1.14, and ΔχGe-N 
= −1.03.

The arrangement of the structures in terms of 2D-like corner sharing 
tetrahedra instead of a 3D arrangement can be assessed from the pro-
jection of the electron localization function ELF. The left of Fig. 5 shows 
the diagonal ELF plane of A4N4 with blue (0) for no localization, green 
(1/2) for free-electron-like localization and red (1) for full localization. 
The characteristic bilayered tetrahedral arrangements can be identified 
from the blue areas surrounding the two {A2N2} blocks in the three 

Fig. 2. Relaxed unit cells with nitrogen in blue, carbon in black, silicon in silver, germanium in anthrazite (left). Layered structure with bonds and dashed orange 
lines parallel to z-axis to indicate layer stacking (middle). Edge connected A4N4 tetrahedra with additional connecting nitrogen atoms forming bilayers (right). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1 
Crystal structure parameters from GGA with PBE + D2. Note that the formation 
energy of lonsdaleite (hexagonal diamond) is −2.4 eV/atom.

P 63/m m c (Nr. 194) C4N4 Si4N4 Ge4N4

a in Å 2.3634 2.8844 3.0881
c in Å 10.5630 12.2023 12.3956
Vcell in Å3 51.10 87.91 102.38
V/atom in Å3 6.39 10.99 12.80
Shortest distance in Å 1.455 (C–N) 1.752 (Si–N) 1.893 (Ge–N)
Angles N–C–C: 

110.3◦

N–Si–Si 
108.1◦

N-Ge-Ge 
109.6◦

N–C–N: 
108.6◦

N–Si–N 
110.8◦

N-Ge-N 109.3◦

Atomic position, 4f (2/3, 1/ 
3, z)

z(C) = 0.1732 z(Si) =
0.1521

z(Ge) =
0.1492

z(N) =
0.8746

z(N) =
0.8925

z(N) = 0.9022

Etot in eV −67.88 −62.08 −51.73
Eformation per UC in eV +2.44 −6.57 +0.43

Fig. 3. Pressure dependence of formation energy of A4N4 based on data pre-
sented in appendix Table A2. Negative values indicate a thermodynamically 
stable compound at the respective external pressure.

S.D. Griza et al.                                                                                                                                                                                                                                 Journal of Solid State Chemistry 350 (2025) 125466 

3 



chemical systems separated by a large distance of ~3 Å. To the opposite, 
within the blocks the red areas between the atoms indicate bonding 
between the different atoms, i.e., A-A and A-N, which increase across the 
series. The right side of Fig. 5 depicts the relevant feature of large 
localization at N exhibited besides the bonding with A, i.e., the non- 
engaged or non-bonded large ELF envelopes (red) pointing in the ver-
tical direction (c-hexagonal axis) with the largest volume in C4N4 cor-
responding to N(2s2). Such interatomic lone-pair interaction is proposed 
to play a major role in the structuring of A4N4. This effect can be assessed 
on different levels: First, non-bonding electrons influence van der Waals 
and pressure effects by demanding space in the unit cell. In the proposed 
structure, this leads to nitrogen atoms with similar coordination to NH3, 
where the lone pair E can be treated like a bonding partner in the context 
of resulting [NH3E] polyhedra. Furthermore, in a layered arrangement 
lone-pair electrons determine both the layer equilibrium distance and 
attractive forces between them. For in depth description, e.g. Galy and 
Matar studied AsF3 as a compound where lone-paired electrons at all 
atoms lead to isolated triangular pyramids [65,66]. Furthermore, a 
previous ab-initio study on experimentally found monoclinic Se2TiO6 
could clearly show that lone-pair electrons are fundamental for this 

deviation to expected A2BX6 tri-rutile structure [67]. In this context of 
experimentally characterized and theoretically analysed compounds, 
proposed A4N4 form a structure well aligned with state of research.

The electronic band structures in Fig. 6 point to indirect semi-
conducting behaviour with the magnitude of the band gap decreasing 

across the series from C4N4 with 2.412 eV, Δ k
→

= (0.50 | 0 | 0) to Si4N4 

with 0.698 eV, Δ k
→

= (0.42 | −0.08 | 0) and Ge4N4 with 0.217 eV, Δ k
→

=

(−0.08 | 0 | 0). For comparison, diamond was calculated with 4.160 eV 
(experimental value 5.47 eV [68]) and lonsdaleite with 3.279 eV (cf. 
more sophisticated calculations like De et al. [69] with 4.77 eV).

Analysis of the densities of states reveals s-orbitals as first block at 
low energies (cf. appendix Fig. A1). Major contributions to bonding 
originate from p-orbitals just below the band gap, where nitrogen 
dominates due to higher electronegativity as compared to that of the 
respective other constituent (see Fig. 7). The d-orbitals are important for 
the exited states above the band gap.

2.3. Stability from the mechanical properties and dynamic properties

Analysis of the mechanical behaviour was carried out by calculation 
of the elastic constants, from which the bulk (B) and shear (G) moduli 
were derived. The calculated sets of elastic constants Cαβ are given in 
Table 2 with all values being positive. C4N4 has the largest Cαβ values 
highlighted by the anisotropic crystal structure underlying smaller 
magnitudes along the hexagonal c directions (C33) versus intra-layer 
values (C11). The Vickers hardness HV was calculated from the model 
of Chen et al. [70] as HV = 0.92 • (G/B)1.137 • G0.708. Particularly, C4N4 
is identified as a super hard material with Vickers hardness HV = 32.9 
GPa, while the nitrides of Si and Ge are highly compressible with HV =

18.56 and 10.04 GPa, respectively.
The analysis of the results focused also on Pugh’s ratio GV/BV 

allowing to distinguish ductile behavior (GV/BV < 1) from brittle 
behavior (GV/BV > 1) [71]. As a result, with GV/BV = 1.11C4N4 is more 
ductile than the other two nitrides, which have GV/BV (Si4N4) = 1.47, 
and GV/BV (Ge4N4) = 1.80. An important criterion of dynamic phase 
stability is obtained from the phonon dispersions displayed in Fig. 8
along high-symmetry directions of the hexagonal Brillouin zone. The 
absence of any negative frequencies is indicative of a dynamically stable 
system for the carbon compound. For Si4N4 and Ge4N4 residue imagi-
nary acoustic modes (Fig. 8 bottom) indicate that the proposed hexag-
onal structure would distort, i.e. there would be another more stable 
structure in the energy landscape. Within this study, imaginary modes 
caused by systematic errors were excluded by employing alternative 
models for van der Waals interactions, namely state of the art D3+BJ by 

Fig. 4. Projection of valence charge densities along the long diagonal of the 
unit cells. While the surrounding charge density at nitrogen atoms (blue) stays 
similar, the character changes from carbon to germanium towards less density 
at the A atoms and more diffuseness of the respective A-A bonds. (For inter-
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.)

Fig. 5. Electron localization function ELF projected along the long diagonal, i.e., the (110) plane (left). Isosurfaces at ELF = 0.80 in red representing domains of 
localised electrons within the A-A and A-N bonds and respective lone pair of nitrogen atoms (right). (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)
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Grimme with Becke-Johnson damping [72] and optB86b-vdW [73]. 
Bonds between a large and a small ion like Si–N and Ge–N are known, as 
covalent bonding occurs even for lead in the form of litharge and mas-
sicot PbO. Regarding the optimization algorithm, this change must be of 
lower symmetry than P63/mmc to not be found automatically. This 
could include super cell effects, where distortions occur on a bigger 
scale, or local Peilers-like distortion, where a symmetrical A—N—A 
changes to A-N—A due to anharmonic oscillations of the central atom. 
Lastly, there could be a double minimum in the energy hyperplane 
known in ferroelectric compounds. This could be a subject for further 
analysis in the form of mode-mapping the respective phonon eigen-
vectors towards lower energies with minimal P1 symmetry [74].

While for C4N4 the optical modes extend to 38.47 THz similar to 
observations for diamond by Raman spectroscopy [75], much lower 
maximum frequencies are observed for the other two nitrides reflecting 
their smaller elastic constants. Thermodynamic properties were calcu-
lated from the phonon frequencies using the statistical thermodynamic 
approach [76] on a high-precision sampling mesh in the Brillouin zone. 
Specifically, the temperature dependencies of the heat capacity at con-
stant volume (Cv) and entropy (S) are shown in Fig. 9 in comparison with 
experimental Cv data for diamond collected by C. V. Raman [77]. It can 
be observed that the calculated curve for the carbonitride mimics 

doubled values of experimental Cv points for diamond regarding slope 
and curvature. In contrast, the Si and Ge members showed large dif-
ferences with respect to C4N4 regarding Cv relationship with diamond.

2.4. Confirmation of the results with metaGGA calculations

To round off the previous results, additional calculations were per-
formed using two metaGGA functionals, namely, revTPSS and r2SCAN. 
The main results in comparison to GGA are shown in Table 3. The 
metaGGA calculations confirm the proposed unit cells and symmetry, as 
all deviations in lengths are below 4 %. While generally lower total 
energies are predicted compared to GGA with PBE, it must be noted that 
this property for Ge4N4 is calculated to be 40 % higher by revTPSS and 
83 % lower by r2SCAN. Still, as the energy of formation of pure 
germanium follows the same trend and therefore differences are 
compensated, both metaGGA functionals confirm the range and order of 
results based on PBE + D2. As discussed in the context of phonon modes, 
metaGGA was used to show there are no artifacts from GGA causing 
imaginary modes.

Fig. 6. Electronic band structures. All band gaps are indirect and decrease from C4N4 with 2.412 eV, Δ k
→

= (0.50|0|0) over Si4N4 witch 0.698 eV, Δ k
→

=

(0.42|−0.08|0) to Ge4N4 with 0.217 eV, Δ k
→

= (− 0.08|0|0).

Fig. 7. Densities of states relative to the Fermi level EF. Contributions of nitrogen atoms shown in cyan and respective Group IV element shown in black. Each 
compound shows two distinct regions, as the lower part corresponds to the s-states of each constituent separated from the range of p-states where the major bonding 
occurs. Despite the equal number of atoms of each chemical constituent, the nitrogen states are prevailing in intensity. This is expected from the larger electro-
negativity on N versus A = C, Si, Ge. Alike the band structures the band gap decreased from A = C to A = Ge. All three nitrides are considered as semiconducting. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2 
Components of the stiffness matrix in Voigt’s notation Cαβ, elastic moduli, resulting Pugh’s ratio and calculated Vickers hardness. Pugh’s Ratio >1.75 indicates ductile 
behaviour for the germanium compound.

in GPa: C11 C12 C13 C33 C44 C66 B G E rPugh HV

C4N4 1143.2 148.4 9.3 223.8 69.3 497.4 316.03 283.38 654.50 1.11 44.89
Si4N4 502.1 158.3 55.6 142.8 85.1 171.9 187.33 126.91 310.60 1.47 18.56
Ge4N4 343.2 125.3 63.7 107.8 55.5 108.9 144.39 80.09 202.78 1.80 10.04
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3. Conclusion

In this paper, based on crystal chemistry and DFT calculations, three 
hexagonal equiatomic nitrides A4N4 (A = C, Si, Ge) have been proposed, 
which are characterized by a major role of repulsive N–N lone pairs for 
the structure made of {A2N2} bilayers of tetrahedra perpendicular to the 
hexagonal axis. C4N4 was found both mechanically and dynamically 
stable at ambient conditions. Imaginary phonon modes for Si4N4 and 
Ge4N4 signal these systems might tend to distort from the proposed 
hexagonal structures. Specifically, C4N4 was found super-hard with a 
Vickers hardness of HV = 45 GPa, that decreases along the series due to 
the increasing volume with atomic radii along the IVA column leading to 
rather soft and ductile compounds. The role played by the N(2s2) lone 
pair in structural changes is highlighted with graphical analysis of the 

electron localization function. The electronic band structures show a 
decrease of the semiconducting band gap along the series from C4N4 to 
Ge4N4. Energies of formation suggest high pressure approaches for 
synthesis of the carbon nitride compound. The present results present a 
major step towards deeper understanding of these equiatomic nitrides 
and their role in future applications.
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Fig. 8. Phonon dispersion curves within the first Brillouin zone (top) with according density of states by elements. Red inlays show residue imaginary phonon modes 
for Si in x and for Ge in x + y. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Specific heat capacities (full line) and entropy component (dashed) as 
function of temperature. Values compiled from different experimental studies 
by Raman are given in blue [77]. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.)
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jssc.2025.125466.
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