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The chemical reaction of group-14 elements with molecular
nitrogen at the pressures above 60 GPa successfully leads to the
formation of pyrite-type pernitrides. These new crystalline group14 elemental pernitrides were found to show the bulk modulus
higher than the other known group-14 elemental nitrides. Our
results offer significant new progress on the solid-state chemistry
of nitrides.
The α- and β-A3N4 (A=Si and Ge) have long time been known
as crystalline group-14 (or “carbon group”) elemental nitrides
such as widely used for hard material, heat insulator and
[1-6]
photocatalyst.
On the other hand, in 1999, cubic spinel(γ-)
Si3N4 was successfully synthesized via a direct chemical
[7]
reaction between silicon and molecular nitrogen at 15 GPa.
Immediately after that, cubic spinel phase was also discovered
[8]
in Ge3N4 under high pressure.
Together with ambient[9]
pressure synthesizable Sn3N4, the cubic spinel phase has
been regarded as the 3rd structural polymorph of group-14
elemental nitride so far. The ambient-pressure quenchable γSi3N4 and γ-Ge3N4 show remarkable elastic and electronic
properties in comparison with the ambient-pressure phases of
[10-16]
α- and β-A3N4.
Therefore, γ-A3N4 has attracted much
attention in the field of fundamental solid state chemistry and
functional materials.
In this study, we report here the successful synthesis and
characterization of novel group-14 elemental (Si, Ge and Sn)
nitrides other than α-, β- and γ-A3N4. Our newly discovered
group-14 elemental nitrides were synthesized via direct
chemical reaction between simple elements and molecular
nitrogen at the pressure of approximately 60 GPa that is much
higher pressure than the synthesis of spinel phase as reported
in the previous studies. It was clearly found that they
crystallize to the pyrite-type structure and quenchable into the
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ambient pressure. In addition, they surprisingly show
incompressible behavior than the γ-A3N4. These superior
physical properties including electronic ones that will be clear
in the future, offer a new insight of the solid-state chemistry
for group-14 elemental nitrides. The details of newly
synthesized pyrite type group-14 elemental nitrides are
described in this communication.
The high-pressure syntheses were carried out by using
laser-heated diamond-anvil cell up to the pressure of
approximately 65 GPa. The high purity group-14 element was
loaded in the sample chamber together with molecular
nitrogen and then, the sample was heated by the irradiation of
infrared laser after the compression to the desired pressure.
The detail is described in the Experimental section of
supporting information. A laser heating immediately changed
the elemental sample to be optically transparent as shown in
Figure S1. The X-ray diffraction profiles of ambient pressure
recovered samples that were synthesized at approximately 20
and 60 GPa are shown in Figure S2. The reaction between
group-14 element and molecular nitrogen at approximately 20
GPa resulted in the formation of spinel phase with a small
amount of residual group-14 element (e.g. Sn-N2 experiment).
On the other hand, the synthesis at pressure of approximately
60 GPa showed the XRD profile completely different from that
of spinel phase. Newly additional peaks were detected
together with those of spinel phase in the Si－N2 and Ge-N2
experiments whereas only new peaks were observed in the
XRD profile of Sn-N2 experiment. The peak indexing analysis
found that all these newly appeared diffraction peaks are
assigned to the cubic lattice. The chemical composition
analyses by energy dispersive spectroscopy demonstrated that
newly synthesized nitrides show a composition of N/Si=2.3(6),
N/Ge=2.4(6) and N/Sn=3.2(3) which are nitrogen-rich
composition more than the spinel phase (N/A=1.3).
Accordingly, the pyrite-type is strongly suggested as the model
structure for newly synthesized group-14 elemental nitrides,
although the nitrogen content of new tin nitride was somehow
greater than the expected values of stoichiometric
composition of the pyrite-type compound. The surface
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Figure 1 (a)-(c) Refined X-ray diffraction profiles of the pyrite-type group-14 elemental pernitrides synthesized in high pressure and high temperature. The XRD profiles are
displayed after the subtraction of background. Open triangles represent the Bragg peak positions of spinel phase. The diffraction intensities of pyrite-type group-14
elemental pernitrides are simulated based on the refined parameters for GeN2 and SnN2 and theoretical calculation value for SiN2.[18a]

roughness and excess molecularr nitrogen captured in the
lattice, might be considered as plausible factors to cause large
uncertainties of the composition measurements. In addition,
the coexistence with heavy elements possibly affects the
detection of light elements. However, as discussed in later, the
pyrite-type structure satisfied the observed XRD profile. The
amount of impurity spinel phase of Si-N2 experiment was
larger than that of Ge-N2 and Sn-N2 experiments. This might be
due to the difference of absorption coefficient to the
wavelength of infrared laser for spinel and new cubic phase.
The details are described in supprting information (see Figure
S3). The experiments below the pressure of approximately 50
GPa showed no successful synthesis of these new nitrides. In
addition, the synthesis pressures were no significant different
among these nitrides. This indicates that the pressure at least
approximately 60 GPa is required to synthesize the pyrite-type
SiN2, GeN2 and SnN2.
Figure 1(a)-(c) show the background subtracted XRD
profiles of the recovered samples. Among these nitrides, SiN2
showed low diffraction intensity mainly due to tiny sample

Figure 2 (a)(b) The lattice parameters dependence of A-N and N-N distances for
pyrite-type group-14 element nitrides based on the present experimental
results (solid symbols) together with those of previous theoretical
[18a]
calculations(open symbols).
The crystal structure of pyrite-type group-14
elemental pernitride and selected polyhedral connected by single bonded
nitrogen (N-N).

Figure 3 (a) Raman spectra of ambient recovered pyrite-type group-14 elemental
pernitrides synthesized at high pressure and high temperature. The Raman
spectrum of GeN2 at 8.8 GPa and the pyrite-type PtN2 were also shown for
comparison. The arrows represent the frequencies associated with stretching
vibration modes of Ag and Tg. (b) The relationship between Raman frequencies of
of Ag and Tg and nitrogens distances of nitrides or molecular nitrogen having the
different bonding nature.[19-21]

consisting of light elements and coexistence with the large
amount of impurity phase (spinel phase). Further discussion is
described in Figure S2. The large amount of high quality SiN2
would allow refining the crystallographic paraeters. Thus, only
the lattice parameter was calculated for SiN2 (a=4.4371(3) Å) in
this study. On the other hand, the structural refinement was
performed for the other two new nitrides of GeN2 and SnN2
based on the pyrite-type structure. The refined
crystallographic parameters are listed in Table1. It was found
from the XRD measurements that the lattice parameters of
pyrite-type group-14 elemental pernitrides monotonically
increase in order of SiN2, GeN2 and SnN2, in which the
experimental values are consistent with those of theoretical
ones for SiN2 and GeN2.[18] The refined nitrogen position allows
calculating the interatomic distance of N-N and A-N (A=Ge and
Sn). As shown in the Figure 2(a)(b) together with the results of
theoretical calculation,[18] it was found that the experimentally
determined interatomic distances of N-N and A-N are found to
increase with increasing the lattice parameters.
Raman spectroscopy is very useful method to investigate
the state of nitrogen dimer in the structure. Several sharp
Raman peaks were appeared after laser heating at the
pressure of approximately 60 GPa (see Figure S4). The Raman
spectra of the recovered SiN2, GeN2 and SnN2 are shown in
Figure 3(a). Raman spectrum of the pyrite-type PtN2 is also
shown for comparison. As shown in Figure S5, it is clearly
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found that the Raman spectra of pyrite-type nitrides are
completely different from those of spinel ones. The spectra
among the pyrite-type SiN2, GeN2 and SnN2 are similar to each
other while the recovered GeN2 emitted intense fluorescence
probably due to the change of optical absorption band during
the decompression, because Raman scattering peaks at 8.8
GPa were clearly observed. It has been suggested that the
vibration frequencies of nitrogen dimer strongly depend on
[19-21]
the bonding nature.
The Raman peak frequencies at
-1
approximately 800~1000, 1300~1500 and 2300~2400 cm
correspond to the stretching vibration modes of N-N (dN[19]
[20]
N=N (dN=N=1.2~1.3 Å)
and N≡N (dN≡N=1.1
N=~1.4 Å),
[21]
Å),
respectively. The pyrite type AX2 allows five active
Raman modes (Γ=Ag+Eg+3Tg). The Ag and one Tg correspond to
[22]
the stretching vibration modes of X-X dimer.
The previous
XRD measurements and advanced theoretical calculation for
4+
pyrite-type PtN2 demonstrated that it consists of Pt and the
4single bonded nitrogen [N-N] having the interatomic distance
[23,24]
of 1.42 Å.
It was also reported that the pyrite-type PtN2
-1
shows two characteristic Raman peaks at around 850 cm
which correspond to the stretching vibration modes (Ag and Tg)
[23]
of nitrogen dimer.
The Raman peak frequencies associated
with Ag and Tg modes for pyrite-type SiN2, GeN2 and SnN2 lie
-1
between 800 and 1000 cm at ambient pressure. In addition, it
is clearly found from Figure 3(b) that these Raman peak
frequencies increase from SnN2, GeN2 and SiN2. The
interatomic distance of N-N for SiN2 remains unidentified.
However, the Raman peaks associated with Ag and Tg modes
were appeared at the frequency lower than those of GeN2 and
SnN2. This strongly suggests that the interatomic distance of NN for SiN2 is shorter than those of GeN2 and SnN2. As
mentioned above, the shift to lower frequency corresponds to
the longer interatomic distance of N-N. Thus, the results of
Raman scattering measurements are consistent with those of
XRD measurements. Present results demonstrated that the
interatomic distance of both A-N and N-N increase with

increasing the ionic radius of group-14 elements (or lattice
parameters of pernitrides). It is reasonably accepted that
group-14 element in the pyrite type AN2 adopts the valence
4+
4+
state of A and the charge density of A increases with
decreasing the ionic radius. This indicates that smaller cation
(rSi<rGe<rSn) readily attracts the electrons that occupy the anti4bonding state in the electron configuration of [N-N] (see
Figure S6). This results in the change of the bonding nature
slightly from single to double bonding one from SnN2 to SiN2.
Thus, the interatomic distance of N-N for SiN2 becomes shorter
than those of GeN2 and SnN2 (see Figure S7).
Figure 4 shows the pressure dependence of the unit cell
volumes that are normalized at the zero-pressure below the
pressure of approximately 25 GPa. The pyrite-type phase was
identified in the high pressure in-situ XRD patterns measured
after laser heating at approximately 60 GPa (see Figure S8). On
the other hand, the measured pressure-volume relation at
higher pressure (40-50 GPa) show the anomalous behavior
possibly due to the change of deviatric stress in the sample
chamber caused by the transformation of high pressure phase
nitrogen along the decompression. Thus, the measured
pressure and volume data below 25 GPa were fitted to the
Birch-Murnaghan's equation of state to yield the zero-pressure
bulk modulus K0. The K0 are determined to be 354(13) GPa,
284(10) GPa and 219(11) GPa for SiN2, GeN2 and SnN2,
respectively (see Table 1). It was found that the bulk modulii of
group-14 elemental pernitrides are higher than those of spinel
phase (308(5) GPa, 296(4) GPa and 149(1.2) GPa for γ-Si3N4, γ[12,13,15]
Ge3N4 and γ-Sn3N4, respectively),
although K0 of GeN2
was comparative to that of spinel one. The γ-A3N4 consists of
AN4 and AN6 whereas the pyrite-type AN2 consists of only AN6
connected by a single bonded N-N. The packing of high
coordinated polyhedral connected by single bonded N-N
causes high density and higher bulk modulus than spinel
nitrides.
Table 1. Summary of the pyrite-type group-14 elemental pernitrides
2

dA-N / Å
dN-N / Å

K0 / GPa
K0’

Ge; 0.49(1)
N; 1.2(1)

2.001(1)
1.476(4)

284(10)
4.9(2.2)

Sn; 0.68(1)
N; 0.71(9)

2.186(1)
1.516(1)

219(11)
5.7(1.3)

a/Å

u

B/Å

GeN2

4.6702(1)

0.4087(3)

SnN2

5.06860(8)

0.4136(2)

*The atomic coordinate sites of pyrite-type AN2 ; A(4a)=(0, 0, 0), N(8c)=(u, u, u)
*Rwp=1.351 %, Re=3.003 %, RB=6.101 % and RF=5.546 % for GeN2
*Rwp=1.170 %, Re=4.163 %, RB=1.775 % and RF=1.547 % for SnN2
*The zero-pressure bulk modulus and its pressure derivative of SiN2 were
determined to be 354 (13) GPa and 6.4(1.4), respectively.

Figure 4 Pressure-volume data for pyrite-type group-14 elemental pernitrides. The
dashed lines represent the results of fitting to the 3rd order Birch-Murnaghan
equation of state.

Silicon, germanium and tin have been commonly known to
form the dioxides (AO2).[25] The high-pressure phase with the
space group of Pa-3 has been discovered for all these
dioxides.[26-28] The space group of Pa-3 is same as that of
pyrite-type compound however, there seems no covalent
bonding between nearest oxygens in these cubic phase of SiO2,
GeO2 and SnO2, because the interatomic distance between
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oxygens are much longer than that of MO2 (M=Na, Mg and Zn
[29-31]
etc.)
that have covalent bonding oxygens (O-O) in the
structure. Thus, SiO2, GeO2 and SnO2 with the space group of
[26-28, 32]
Pa-3 are called as the high-pressure form of PdF2.
In
addition, these cubic dioxides are unquenchable into ambient
pressure and the transition pressure is largely different among
[26-28]
SiO2 (P>260 GPa), GeO2 (P>80 GPa) and SnO2 (P>21 GPa),
which is completely different from the present results for
pyrite-type SiN2, GeN2 and SnN2. The comparison between
group-14 elemental dioxides and pernitrides having the space
group of Pa-3 indicates that the chemical bonding between
anions plays an very important role for stabilizing the high
pressure phase, even though both compounds (dioxides and
pernitrides) show the same crystal symmetry.
In conclusion, we have succeeded in the synthesis of
pyrite-type AN2 (A=Si, Ge and Sn) via a direct chemical reaction
between group-14 elements and molecular nitrogen above the
pressure of 60 GPa. The pyrite-type AN2 are quenchable into
ambient condition. The XRD structural analyses and Raman
scattering measurements found that the interatomic distance
of N-N increases in order of SiN2, GeN2 and SnN2. This indicates
that the bonding nature is gradually changed from single to
rather double bonding from SnN2 to SiN2 due to the difference
4+
4+
4+
of charge density among Si , Ge and Sn . The pyrite-type
AN2 shows the bulk modulii higher than that of γ-A3N4 due to
the consist of only AN6 octahedra connected by the single
bonded N-N. The α-, β- and γ-A3N4 have long time been known
as the group-14 elemental nitrides whereas we have
succeeded in the synthesis of new 4th group-14 elemental
pernitrides by means of the high-pressure experiments at the
pressure of above 60 GPa. The further investigation would
offer deep insight of these pyrite-type group-14 elemental
pernitrides especially with respect to the electronic properties.
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Kikegawa, Dr T. Nagae, and Prof. N. Watanabe for their
technical support with the high-pressure in-situ synchrotron
radiation XRD measurements. We also appreciate Mr. E.
Hirose, Prof. K. Soda and Dr Y. Shirako for the valuable
discussions and help of data analysis. The synchrotron
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approval of the Photon Factory Program Advisory Committee
(Proposal No. 2012G567) and carried out at Aichi Synchrotron
Radiation Center (Proposal No. 2016N1001, 2016N3001). This
research was supported by a Grant-in-Aid for Scientific
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