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ABSTRACT: High-Energy-Density materials (HEDM) are crucial in various applications, from energy storage to defense tech-
nologies. Transition metal polynitrides are promising candidates for HEDMs. Using single-crystal synchrotron X-ray diffrac-
tion, we investigated the crystal structures of niobium nitride, specifically Nb2N3 and NbNz, under high-pressure conditions
up to 86 GPa. At higher pressures, niobium polynitrides NbN4 and NbNs were observed to be stable from 100-120 GPa that
feature a low-order nitrogen bonding. The low-order bonded nitrogen in the NbN4+ and NbNs forms multiple polynitrogen
anions at megabar pressure ranges. In the Nb-N system, we observed an increasing coordination number of metal-nitrogen
as pressure increased. These structures were supported by density functional theory (DFT) calculations and Raman spectros-

copy.




High pressure is known to alter the chemical composition of materials
by changing the atomic arrangement within crystals, leading to the for-
mation of high-density material. A variety of materials with unusual stoichi-
ometries have been discovered at high pressures such as NaCls, MgO2, FeNy,
and CoNs.!-* These materials feature low-order chemical bonding, including
Cl3, 02,N4, and Ns units. Among them, nitrides have been widely studied due
to the richness of polynitrogen anions in high pressure experiments.>-8

Additionally, there is a growing interest in synthesizing transition
metal nitrides using high-pressure apparatus such as diamond-anvil cells
(DAC) and multi-anvil presses.2569 Studies have demonstrated the synthe-
sis of transition metal nitrides as potential superhard materials,'%!! high-
energy-density materials,'213 and possible superconductors.'# Studying the
nitridation behaviors of transition metal over a wide range of pressure-tem-
perature conditions can enhance our understanding of polynitrides under
high-pressure conditions and their novel physical properties. Various new
metal polynitride with nitrogen bonding order less than 3, including polyni-
trogen species such as Nz, N4, N-chains and N-rings,2581415 have been dis-
covered under high-pressure conditions.

Among transition metal nitrides, niobium nitride exhibits a wide and
diverse chemistry.117 It is extensively studied as a superconducting mate-
rial, 1819 with e-NbN prepared under high-pressure and high-temperature
conditions demonstrating superconductivity.® Nb nitrides have also been
investigated as potential superhard materials, including NbN'°, NbsNs,®
NbsNe.? Higher pressure experiments have been conducted to search for Nb
nitride with different nitrogen content. U2S3-type Nb2N3 was first predicted
by DFT calculations!720 and recently synthesized in a laser-heated DAC at
30 GPa.10 U2S3-type Nb2N3 possesses a high bulk modulus of 300 GPa.10 De-
spite the importance of studying the Nb-N system and the abundance of ni-
trogen rich species currently discovered under high-pressure condi-
tions,8121321.22 research has been limited to pressures up to 31 GPa,'? and
no niobium polynitrides have been discovered in experimental studies.

Methods

We pre-indent a Re gasket and drilled a hole at the center of the inden-
tation to form a chamber. The indented Re gasket was placed between two
diamond anvils (120 um culet). We loaded niobium metal into the DAC. Pure
nitrogen gas was loaded into the chamber using the gas loading system at
the Earth and Planetary Laboratory of Carnegie Science. The cell was com-
pressed to target pressures for laser heating. A piece of gold was loaded into
the DAC chamber for pressure calibration.?3 The gold particles were not in
contact with Nb samples to avoid chemical reactions.

Laser heating experiments were conducted at GeoSoilEnvirCars
(GSECARS) at Advanced Photon Sources?* and at the Earth and Planetary

refining the powder diffraction. Raman spectra were measured at the Earth
and Planetary Laboratory of Carnegie Sciences. We measured Raman spec-
tra on laser-heated area for 30s. A 600 groove per mm grating WiTec spec-
trometer was used to collect Raman spectra. We used Witec software for
Raman data analysis.3?

First-principles calculations were carried out within the framework of
density functional theory (DFT)3334 employing the Perdew-Burke-Ern-
zerhof (PBE)3° exchange-correlation functional and the plane wave/pseu-
dopotential approach implemented in the CASTEP simulation package.3¢
Norm-conserving pseudopotentials from CASTEP database were employed
in conjunction with plane waves up to a kinetic energy cutoff of 770 eV.
CASTEP calculates finite basis set corrections by determining the total en-
ergy at a number of cut-off energies, and then numerically evaluating the
derivative required in the correction term. It is normally sufficient to use
three reference points in such calculations. A Monkhorst-Pack grid was
used for Brillouin zone integrations. We used a distance between grid points
of <0.03 A-1. Convergence criteria for geometry optimization included an
energy change of <5x10-8 eV atom™! between steps, a maximal force of
<0.005 eV A-1, and a maximal component of the stress tensor <0.001 GPa.
Grimme dispersion corrections were enabled.3” Phonon frequencies were
obtained from density functional perturbation theory (DFPT) calculations38.
The phonon dispersion calculations were performed using a linear response
and finite displacements method implemented in CASTEP code.36:38

Results and discussions

We did several experiments starting from Nb metal under nitrogen to
56-120 GPa at a temperature of 1500-1800 K. After laser heating, we ob-
served diffraction lines that could not be indexed to Nb metal3® and nitrogen
diffraction peaks*? (Figure S1). We solved the U2Ss-type Nb2Ns at high-pres-
sure conditions by single-crystal diffraction, the same phase was previously
identified using powder diffraction at 30 GPa.!® The unit cell parameters
from single-crystal diffractions for NbzN3 at 56 GPa were: a = 2.857(2) &, b
=7.661(2) A, and c = 7.897(1) A in the structure with the Pnma space group
(Table S1). There are two crystallographic sites with the same symmetry for
Nb in Nb2Ns. The Nb atoms are coordinated to 7 nitrogen atoms in NbzN3
with Nb-N bonding distance range from 2.001-2.124(7) A in the mono-
capped triangular prism geometry (Figure 1). There is no N-N bonding in
this structure where nitrogen should be nominally N3- in Nb2Ns. Nb has a
formal oxidation state of 5+, which leave one extra electron in Nb2N3 (2Nb5+,
3N3-). This extra electron should occupy the d states (half of a d band) as
shown in Figure S2. The d%5 Nb state might be the reason for the electrical
metallic conductivity in NbzNz.

Table 1. Experimental runs.

Laboratory of Carnegie Institutions for Science.?® For a typical experiment, Pressure Temperature Starting

we steer infrared laser to the sample, and X-ray diffraction were collected Runs (GPa) (K) materials Results

during laser heating and after laser heating. We use an X-ray wavelength of

02953 A at GSECAE{S, 0.3738 A at ESRF, d 02900 A at DESY (Deutihes 1 56 (4) 1700(200) Nb+N2 Nb2N3
Elektronen-Synchrotron).2é Dioptas?’ software was used to integrate two- 2 80(4) 1500(200) Nb+N2 Nb2N3+NbN:
dimensional image to one dimension. X-ray diffraction patterns were col- 3 86(5) 1750(200) Nb+N> NbzN3+NbN;
lected with a duration of 1-5 seconds. Single-crystal diffraction patterns

were collected after laser heating. We rotated the DAC up to 30 degrees to 4 100(4) 1800(200) Nb+N2 NbN2+NbN4-+NbN:
collect single-crystal diffractions with a step size of 0.5 degree. We used or- 4 105(4) 1800(200) Nb+Nz NbN4+NbNs

thoenstatite crystals to calibrate the single-crystal diffraction setups. The
orthoenstatite (Mg1.93Feo.06)(Si1.93Al0.06)O6 has a space group of Pbca. The
lattice parameters are a = 8.812(1) 4, b = 5.183(1) 4, and c = 18.239(1) A.
We used CrysAlisPro?® to perform data integration. DAFi (Domain Auto
Finder) was adopted to search for individual grains.?? We used Olex23° to
solve the crystal structure using the intrinsic phasing function. We identi-
fied the atomic position for Nb and potential nitrogen positions. We refined
the structure until calculated and observed single-crystal diffraction peaks
matched, achieving a residue (Rwp) of less than 5%. We used GSAS-1I3! for

Note: crystal structures are deposited in the Cambridge Crystallo-
graphic Data Center with deposition numbers CSD 2358544 (for Nb2Ns),
2358545 (NbN2), 2358546 (NbN4), 2358547 (NbNs).41
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Figure 1. Crystal structures of Nbz2N3 (a) and NbNz (b) from this study. In Nb2N3, Nb has a seven-fold coordination number with respect to nitrogen shown
in (c). Crystal structure of NbN2 refined in the space group /4mm, showing the significantly elongated thermal ellipsoids of the interlayer nitrogen atom in (b).
Possible atomic coordination of N atoms in the interlayer space between Nb-N double layers (d). Green spheres indicate niobium atoms, while blue spheres

indicate nitrogen atoms.

We further compressed the DAC to above 80 GPa. We heated Nb metal
at this pressure, separate from the Nbz2N3 area. After laser heating, we found
strong diffraction lines that could not be indexed to any known Nb structure,
nitrogen, or Nb nitrides (Figure S1).103940 Single-crystal diffraction revealed
a new phase that is well-refined in the space group I4mm. The unit cell
parameters are a = 2.837(1) A, ¢ = 11.44(1) A. Detailed information on solv-

ing crystal structures is provided in the supplementary materials (Table S2).

The structural solution and refinement in the /4mm space group reveals
well-defined Nb-N double layers as shown in the Figure 1(b). Based on the
difference electronic Fourier maps, the interlayer space is occupied by ni-
trogen atoms. The unit cell volume of the /4mm phase is consistent with the
NbN2 composition.

Locating the additional nitrogen atoms in the interlayer space presents
a significant challenge due to the smaller atomic scattering factors of nitro-
gen compared to Nb. The refined anisotropic displacement ellipsoid of a ni-
trogen atom in the interlayer space shows a highly elongated shape, sug-
gesting a split in the atomic position (Fig. 1b).

Zhao et al. 17 theoretically predicted the 0C24-NbNz structure (Cmca)
with lattice parameters a =12.496 A, b=4.224 A, and c=4.222 A. This lattice
is related to the experimentally determined tetragonal lattice presented
here via a simple transformation ac = -ct, bc = at + by, ¢c = ac - be. Refinement
in this space group reveals an oscillation of nitrogen atoms between several

positions in the interlayer space either forming almost square planar coor-
dination with Nb atoms or forming dumbbells coordinated by a cube of Nb
atoms (Fig. 1d). The structure refinement does not allow to choose the sin-
gle model, suggesting the possibility of nitrogen atom disorder in the inter-
layer space. Based on the previous work 17 and our DFT calculations (Table
S2), which indicate that the 0C24-NbN2 model is thermodynamically stable
in the studied pressure range, we propose it as an idealized structure for
NbNz. While our experimental data generally support this model, they also
point to disorder in the nitrogen layers, potentially involving the transient
formation of N-N bonds (Fig. 1d). This conclusion is further supported by
our calculations, which show that the square planar coordination of N atoms
in NbN2 (Table S2 and Fig. 1b) leads to imaginary frequencies in the phonon
dispersion, indicating dynamic instability. However, the Cmca structure
with dinitrogens (Figure S3) is dynamically stable. 17
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Figure 2. X-ray diffraction patterns and two-dimensional X-ray images of NbN4and NbNs ((a) and (b)). The Miller indexes are shown in the diffraction
images in (c) and (d). In (c), we show reconstructed reciprocal lattice from (-2 k ) of NbN4. In (d), we show diffraction images from (-1 k I) of NbNs. Rietveld
refinements for NbN4 and NbNs (b). The residue (Rwp) for the pattern in (b) is less than 10%. The X-ray wavelength is 0.3738 A. The ticks in (b) are the
calculated positions of the diffraction lines in the NbN4 (red) and NbNs(blue).

Our Raman measurements did not detect any signal from the sample. This may be attributed to the metallicity of NbN2 but could be related to disorder in
the interlayer nitrogen planes. Notably, the experimentally inferred structural disorder in NbN2 shows similarities to the incommensurate behavior reported
in TaN1g6?! (which has similar Ta-N double layers). This behavior was explained by nonstoichiometric nitrogen composition. As in our case, dinitrogens are
also not reported in TaN1ss and no Raman signal is detected.
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Figure 3. Crystal structure of NbNs under high-pressure conditions in (a). Nitrogen species in (b). 10-fold coordinated Nb with respect to nitrogen in NbNs
is shown in (c). The Lewis structures for the nitrogen species [N4]* in (d). We provide two resonant structures for [N4]4 Uncertainties in bonding distances
and angles are less than 0.005 A and 0.1°, respectively.
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Figure 4. Crystal structure of NbNs under high-pressure conditions. Polynitrogen anions [N3]3- and [Na*]n in NbNs are shown in (b) and (d), respectively.
The 10-fold coordinated Nb-N polyhedron is shown in (c). The Lewis structures for [N3]3- and [N4*]. are shown in figures. Uncertainties in bonding distance

and angles are less than 0.005 A and 0.1°, respectively.

At 100 GPa, two niobium polynitrides, NbN4 and NbNs, were discov-
ered after laser heating at T>1800 K. NbN4 crystallized in the P21/n space
group, with Nb occupying the Wyckoff 4e positions. The unit cell parameters
are a=4.483(1) A, b =5.454(1) A, c=5.439(9) A, and = 101.47(6) ° at 105
GPa (Figures 2 and 3). It is worth to note that a P21/c-NbN4 with similar
structure to our NbN4 was predicted by DFT calculations.!” In our NbNg, four
nitrogen atoms occupied the 4e position, resulting in the chemical formula
NbNa. Nb is coordinated to 9 nitrogen atoms with the bonding distance of
Nb-N from 1.95-2.05(5) A. One Nb-N bonding is 2.38(5) A is much longer
than other Nb-N bonding. That. The coordination number Nb to N is 10 in

NbN4. The Nb polyhedrons are of irregular shape in NbNa4. The nitrogen at-
oms are interconnected in the crystal structure, forming N4 species in NbN4
that is different the Ng species from DFT calculations in Ref. 17. This type of
N4 polynitrogen species is also observed in TaN4, Mg2N4, and Zn2zN4 at high-
pressure conditions.®2122 The N-N bonding (1.31-1.45 A) in NbNa is close to
N-N single bonding, which gives rise to (N4)* nitrogen species. In the (N4)*,
three nitrogen form z bonding with bonding distance 1.31-1.35 A, while an-
other nitrogen is separated with a longer bonding distance (1.45 A). The
dihedral angle for the N4 species in NbN4 is 33(2)°, arising from repulsive
long electron pair. NbNs has a crystal structure very similar to TaN4



discovered at similar pressure ranges.?! NbN4 is found to be semi-metallic
(Figure S4).

NbNs crystallized in the Fdd2 space group, where Nb is also 10-fold
coordinated with N with the bonding distance of 1.93-2.29(5) A, similar to
NbNq (Figure 4). It is worth noting that the Nb polyhedrons are of irregular
shape in NbNs. The unit cell parameters at 105 GPa are a = 11.834(2) A, b =
13.879(2) A, and ¢ = 3.600(1) A. One Nb and five nitrogen atoms occupy the
Wyckoff 16b positions. More complex nitrogen chemical species emerge
from this structure such as nitrogen chains (N-N bonding distances=1.39-
1.40 A) and trimers. It is noteworthy that NbNs crystallizes in a similar crys-
tal structure as TaNs in terms of space groups and atomic arrangements
found in a similar pressure range. However, instead of branched-type nitro-
gen bonding in TaNs, the polynitrogen ions in NbNs can be better described
as nitrogen chains and trimers.?! This kind of polynitride containing multi-
ple structural units was also observed in GaN1o and ReN10.1243 It is interest-
ing to note that two lone electron pairs in a tetrahedrally coordinated nitro-
gen in (N3)3- will lead to a N-N-N bonding angle less than 109.5°, which we
observe the angle to be 106° (Figure 4b). Similar bonding angles due to the
long electron pairs can be applied to the [(N4)*]a chain in NbNs, where a zig-
zag nitrogen stacking is favored over a linear chain. Theoretical calculations
show that the relaxed experimental structure of NbNs retains all features of
polynitrogens.(Figure 10 and 11) We note the bonding differences are ex-
tremely small between NbNs in this study and TaNs?!. Nevertheless, NbNs
features a single-bonded nitrogen and NbNs was found to be semiconductor
with a bandgap of 1.067 eV (Figure S5), where the d° electron configuration
of Nb might contribute to the electronic structure with a band gap. It is well
known that PBE method we used might underestimate the band gap.*

Nb2N3 and NbN2z do not show any Raman spectra at pressures ranging
from 56-86 GPa because of the lack of N-N bonds, which typically dominate
the spectra of polynitrides. In contrast, the two polynitrides, NbN4 and NbNs,
exhibit Raman features measured at high-pressure conditions. Distinguish-
ing these two phases by Raman spectra is challenging due to their coexist-
ence at high-pressure conditions. We measured a series of Raman spectra
from polynitrides and Nz areas. From the Raman spectra in Figure 5a, Ra-
man peaks distinguishable from N2 (Figure 5b) are clearly observed. These
peaks appear to be sharp and weak, similar to Raman peaks from other pol-
ynitrides.#621.22 Notably, NbN4 has a monoclinic structure with 30 Raman
active modes (15Ag+15Bg). NbNs crystallizes in an orthorhombic structure,
which contains 69 Raman active modes (17A1+18A2+17B1+17B2). Identify-
ing all Raman features at high pressure conditions is challenging, especially
with NbN4 exhibiting metallic-like properties, as theoretical calculation may
not calculate the Raman peak intensities in metallic systems (Figure S4).

There are three regions of the Raman spectrum that can provide struc-
tural information on polynitrides: low-frequency region (200-350 cm1),
middle-frequency region (350-800 cm!), and the high-frequency region
(800-1300 cmt). The low-frequency region might contain modes corre-
sponding to translational vibrations of polynitrogen structural units in
NbN4 and NbNs. The middle-frequency range might be related to defor-
mation of nitrogen structural units in NbN4 and NbNs. The high-frequency
ranges might correspond to modes closely related to N-N stretching vibra-
tions. The calculated Raman spectra and phonon dispersions curves of NbNs
show a good agreement with the Raman spectra from niobium polynitride
at 105 GPa up to Raman wavenumbers of 1300 cm™! (Figures 5 and S5).
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Figure 5. Raman spectra from niobium polynitrides at 105 GPa (a). (b)
Raman spectra of N2 from the same experiments. Calculated Raman peaks
for NbN4 and NbNs are shown in black and yellow ticks in the figure.

Our experiments on niobium nitrides show similarities with experi-
ments on TaNx under high-pressure conditions. TazN3, TaNzx, TaNs, and
TaNs were observed at high pressure conditions. The crystal structures are
very similar but there are differences. NbN: crystallized in /4mm structure
instead of the P4/nmm-structured TaN2.x. Additionally, instead of branched-
type nitrogen chains in TaNs, we observed Nb being surrounded by multiple
nitrogen structural units including chains and trimers. This highlights the
importance of single-crystal diffraction in resolving crystal structures at
high pressure conditions. Our calculated enthalpy of formation of the Nb-N
system support NbzN3, NbN4 and NbNs as thermodynamic phases at 110
GPa (Figure S6). At 40 GPa, Nb2N3 and NbN4 are stable, while NbNs s slightly
metastable. NbNz is metastable at 40 and 110 GPa. Our calculations of the
phonon dispersion curves show that NbN4 and NbNs are dynamically stable
at ambient pressure (Figures S4-S5) and 110 GPa (Figures S7-58). We find
that Cmca NbN2 17, which contains dinitrogens, is dynamically stable (Figure.
S3). However, our XRD and Raman data were unable to prove the presence
of dinitrogens, suggesting the stability of pernitrides in Nb nitride should be
a topic of separate research.

Our experimental result generally agrees with the order of increasing
Nb to N coordination number with higher pressure in Nb-N systems. We ob-
served a 7-fold coordination number for Nb-N at 56-86 GPa in Nb2Nz. In
NbNz, the coordination number for Nb-N changes to 9 at 86-100 GPa. In
NbN4 and NbNs, the coordination number for Nb-N changes to 10 at 100-
120 GPa. The progressive formation of nitrogen-rich species was observed
at high-pressure experiments, where we only observed polynitrogen spe-
cies in NbN4 and NbNs. It is worth noting that Fe and Co form FeNs and CoNs
at megabar pressure ranges, which the crystal structures and polynitrogen
anions are different from NbN4 and NbNs due to the difference in the elec-
tronic structure. This emphasizes the importance of experiments on resolv-
ing the crystal structures at high pressure conditions. We note that NbN4
and NbNs are not quenchable to ambient conditions from Raman measure-
ment during decompression.

The energy density of polynitride is calculated using free the energy
differences between polynitrides and nitride+N2 phase assemblage using
the equation 2NbNx=2NbN+(x-1)N2. Gravimetric and volumetric energy
densities of NbNs and NbNs are calculated. The NbN4 is found to have a grav-
imetric energy density of 1.55 kJ/g and the volumetric energy density is
11.77 kJ /cm3. NbNs has a higher gravimetric energy density of 2.76 k] /g and
its volumetric energy density is 20.2 k] /cm3. Due to its unique mostly nitro-
gen single bonding, the volumetric energy density of Nb polynitrides is
much higher than traditional explosives TNT (7.2 kJ/cm?)*5 and polynitride
phases such as TaNs, ScNs and HfN10.132145 It is worthwhile noting that the
volumetric energy density of polynitrides are also related to their high den-
sity synthesized by high-pressure techniques. In sum, rational design of sin-
gle-bonded nitrogen like NbNs might be a feasible route to achieve high en-
ergy density in polynitrides.

Overall, we identified several niobium nitrides from pressure ranging
from 56-105 GPa. Two polynitrides NbNs and NbNs were found at 105 GPa.
NbNs were found to be promising HEDM with a volumetric energy density
of 20.2 k] /cm3. The Nb-N system shows similarities with Ta-N at high pres-
sure conditions and the crystal structures from these two systems has dif-
ferences which emphasize the importance of single-crystal diffraction tech-
niques for structural analysis at Mbar pressures.
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We observed a series of niobium nitrides from high pressure experiments up to 120 GPa.




