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WN6 phase discovered at 126–165 GPa after heating of W in nitrogen. XRD refinements reveal a unit
cell in space group R3̄m which is consistent with the WN6 structure with armchairlike hexazine (N6) rings,
while strong A1g Raman mode confirms its N─N single bonds. Density functional theory (DFT)
calculations reveal balanced contributions of attractive interactions between W and covalent N6 rings,
and repulsions between N6 rings that make WN6 ultrastiff and tough. The WN6 phase displays long bond
lengths in the nearest N-N and pressure-enhanced electronic band gap, which pave the way for finding
novel nitrides.
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Diatomic nitrogen is the most abundant molecule of
Earth’s atmosphere accounting for almost 78% by vol-
ume. The strong triple bond in nitrogen (N≡ N) makes it
highly stable and unreactive at near ambient conditions.
At high pressure-temperature (P-T) conditions, nitrogen
can form double- or even single-bonded solids (N═N,
N─N) [1]. Of particular interest is to find single-bonded
nitrogen with a huge difference in the average bond
energy: the transformation of a single-bonded polymeric
nitrogen into a triple-bonded nitrogen molecule is
expected to accompany a tremendous energy release
[2]. Thus far, searching for single-bonded nitrogen has
gained tremendous research interest because of its unique
physical properties and potentials in high-energy-density
(HED) materials. Previous theoretical predictions and
experiments have showed that a number of single-bonded
nitrogen allotropes can exist at ultrahigh P or P-T
conditions [1,3–9]. Key observations in past studies
include the cubic gauche nitrogen (cg-N) synthesized at
∼110 GPa and ∼2000 K in a diamond anvil cell (DAC)
[7], and the hexagonal layered polymeric nitrogen (HLP-
N) with tetragonal P42bc structure at ∼250 GPa after laser
heating [1]. Very recently, black phosphorus structured
nitrogen (bp-N) has also been found at 140 GPa after laser
heating [3,4]. Particularly, the HLP-N consists of distorted
and interconnected hexagonal N6 rings with N─N single
bonds in its structure. Its discovery has renewed the
interest of finding the sought-after yet hypothetical
planar hexazine N6 ring of nitrogen, which is argued to

be thermodynamically unstable due to the strong lone pair
repulsion [10,11].
Nitrogen-bearing compounds have been suggested as a

promising means to search for the polymeric N6 ring at
high P-T [12–16]. Recently, transition metal nitrides
(TMNs) have drawn much attention for their exceptional
physical properties such as high melting point, chemical
inertness, high incompressibility, and hardness [17].
Similar to nitrogen, nitrogen-rich nitrides with single and
double nitrogen bonds have also gained much attention due
to their HED applications [18–24]. Recent theoretical
calculations have predicted the occurrence of transition
metal hexanitrides at high P-T such as WN6, TeN6, MoN6,
and ReN6 [12–16]. These hexanitrides are predicted to be
stable in a R3̄m structure which contains armchairlike N6

rings with single bonds between adjacent nitrogen atoms.
Tungsten hexanitride (WN6) stands out in particular
because of its high melting point and thermal stability as
well as ultrahigh Vickers hardness of ∼57 GPa, the highest
among TMNs [13]. WN6 also possesses unique features of
ioniclike crystal and an enlarged band gap under compres-
sion [13], which is opposite to normal semiconductors such
as silicon. Nitrogen-rich WN6 has a very good gravimetric
and volumetric energy density, making it a potential HED
material. Interestingly, WN6 is predicted to be metastable
even at ambient pressure, so it is possible to recover
[12,13]. However, the thermodynamic stability pressure
for theWN6 phase predicted by different theoretical models
varies significantly from 16 GPa [12] to 65 GPa [13].
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This highlights the degree of difficulty to accurately predict
the stability and structure of the polynitride phases in
correlated transition metals. Most importantly, to the best
of our knowledge, the hexazine-bearing TMN has not been
synthesized experimentally up to now, so its physical and
chemical properties remain unknown experimentally.
High P-T conditions are useful to overcome the energy

barrier and synthesize new TMN phases. Inspired by a
recent theoretical study [13], here we have carried out high
P-T DAC experiments coupled with in situ x-ray diffrac-
tion (XRD) measurements up to 165 GPa and 3500 K to
explore new chemical compounds in the W-N system. We
have successfully synthesized and refined the novel WN6

phase in the R3̄m structure at 126–165 GPa after heating.
Together with high-pressure Raman spectroscopy mea-
surements and theoretical calculations, our results show
that the WN6 phase contains armchairlike hexazine (N6)
rings with strong covalent N─N single bonds stabilized by
balanced attractive-repulsive interactions within the crystal
structure. These experimental results are used to
benchmark new first-principles calculations which further
demonstrate ultrahigh hardness and toughness of the
WN6 phase.
Three independent XRD experiments in pulsed laser-

heated DACs were carried out on tungsten samples loaded
with ultrapure nitrogen at high P-T at 13IDD beam line,
GSECARS, Advanced Photon Source (see Figs. S2–S4 and
a detailed description in Supplemental Material [25]). XRD
analysis of the initially loaded tungsten samples showed
them to be stable in body-centered cubic (bcc) structure at
high pressure without laser heating. After initial laser
heating of the W samples surrounded by nitrogen at
approximately 114 GPa, new diffraction peaks were
observed and can be indexed as WN8·N2 phase
which was previously reported [37] (Figs. S3, S4, and
S6 in Supplemental Material [25]). In addition, a cg-N
phase was observed [7] (Figs. S3 and S4 in Supplemental
Material [25]). Upon further heating up to 3500 K
at ∼126 GPa, many new diffraction peaks appeared
(Fig. S3 in Supplemental Material [25]) and they
could be indexed to a rhombohedral crystal class with
lattice parameters a ¼ 5.6786ð5Þ Å, c ¼ 4.2057ð4Þ Å, and
V ¼ 117.45ð5Þ Å3. With further compression and heating
cycles up to the maximum experimental pressure of
165 GPa, diffraction peaks became stronger. All peaks
except those corresponding to unreacted W can be well
indexed to the rhombohedral phase signaling the stability of
the new WN6 phase at higher pressures [Fig. 1(a)]. Le Bail
refinements of the diffraction patterns at 165 GPa confirm
that these new peaks correspond to a new phase with the
R3̄m structure having lattice parameters of a ¼ 5.591ð1Þ Å
and c ¼ 4.145ð1Þ Å [Fig. 1(a)]. The refined space group
and lattice parameters are in excellent agreement with the
theoretically predicted WN6 phase with the R3̄m structure

[12,13] at 165 GPa with lattice parameters a ¼ 5.596 Å
and c ¼ 4.144 Å. In the R3̄m-structured WN6 phase,
nitrogen atoms form novel armchairlike N6 rings and
tungsten atoms sit midway in between two N6 rings along
the crystallographic c axis [Fig. 1(b)] [13]. Further, during
the decompression cycles, the diffraction peaks for the
WN6 phase could be found to pressures as low as 68 GPa,
before the unfortunate breaking of one of the diamonds. cg-
N and WN8·N2 phases also coexisted with WN6 up to
152 GPa in compression and up to 68 GPa in the
decompression cycle (Fig. S3 in Supplemental Material
[25]). In the brief recount, our experimental results show
the occurrence of the R3̄m-structured WN6 phase at
pressures between 126 and 165 GPa after laser heating
(Fig. S7 in Supplemental Material [25]).
High-pressure micro-Raman measurements [38] of the

laser-heated areas for the WN6 phase and theoretical
predictions of the vibrational modes at the Γ point were
performed to better understand the nature of the N6 rings
and vibrational symmetries in the WN6 phase. Raman
spectra of the WN6 phase recorded at 165 GPa display
intense peaks at around 760, 905, and 1057 cm−1
[Fig. 2(a)]. Factor group analysis for possible vibrational
modes in R3̄m-structured WN6 phase shows that 21 zone
center vibrational phonon modes can be assigned as
Γ ¼ 2A1g þ A1u þ A2g þ 3A2u þ 3Eg þ 4Eu. Out of these,
a total of five different (2A1g þ 3Eg) Raman-active modes
are expected in 400–1600 cm−1 wave number range
[Fig. 2(a)]. These theoretically calculated modes [red
vertical ticks in Fig. 2(a)] are generally in good agreement
with the experimental peak positions. Direct comparison
between theory and experiments indicates that the vibra-
tional mode around 1057 cm−1 arises from A1g symmetry,

FIG. 1. Crystal structure of the WN6 phase with the space group
R3̄m determined by high-pressure XRD refinement. (a) Le Bail
refinement of the WN6 phase at 165 GPa (λ ¼ 0.3344 Å) (red
vertical ticks). Blue vertical ticks represent unreacted W in the bcc
phase that coexists with the WN6. Red open circles, black line and
green line represents the experimental data, the fit and the residual
difference respectively. (b) Crystal structure of the WN6 phase
with the novel armchairlike N6 rings and W atoms in between the
rings along the c axis [13]. See a representative XRD image at
165 GPa shown in Fig. S5 in Supplemental Material [25].
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while both 760 and 905 cm−1 vibrations are assigned to be
of Eg symmetry. The agreement here leads us to use the
eigenvectors for the experimentally observed Raman
modes to illustrate the magnitude and direction of the
nitrogen atomic displacements in the N6 rings [red arrows
in Fig. 2(b)]. All three eigenvectors represent coupled
motions for the opposite nitrogen atoms in the N6 rings,
which are characteristic of the armchairlike single-bonded
N6 vibrations. In particular, the symmetric stretching
motions of opposite nitrogen atoms viewing from the
top view of the N6 ring contribute to the characteristic
Raman peaks at 1057 cm−1 of the A1g symmetry. Our
experimental observation and theoretical predictions of the
high-wave-number A1g vibration mode at 1057 cm−1 con-
firm the single-bonding character between adjacent nitro-
gen atoms in the N6 rings of the WN6 phase (Figs. 1 and 2).
The observation of this high-wave-number Raman peak is
consistent with experimentally observed Raman shift range
in other single-bonded polymeric nitrogen phases such as
cg-N and bp-N: all these phases display vibrational modes
around the 800–1300 cm−1 range at megabar pressure
region corresponding to single-bonded nitrogen vibrations
(Fig. S8 in Supplemental Material [25]) [3–5,7].

Pressure-dependent unit cell parameters, d spacings, and
unit cell volumes of the WN6 phase are obtained from
refinements of the XRD spectra in the pressure range of
68–165 GPa (Fig. 3 herein and Fig. S9 of Supplemental
Material [25]). Using third-order Birch-Murnaghan
(B-M) equation of state (EOS) to fit the experimental data,
axial incompressibility of the WN6 phase are 341(9) GPa
for the a axis and 303(11) GPa for the c axis. These means
that the c=a ratio is nearly constant with pressure within
uncertainties [Fig. 3(a) and 3(b)]. The EOS parameters for
WN6 are B0 ¼ 329ð8Þ GPa with B0

0 ¼ 4 fixed and V0 ¼
49.6ð2Þ Å3=f:u: B0 is found to be in good agreement with a
theoretically predicted value of 302.7 GPa [13], supporting
the highly incompressible nature of the WN6 phase. New
theoretical calculations performed to estimate lattice and
EOS parameters by Perdew-Burke-Ernzerhof (PBE) and
PBE-D3 functionals, and the results are consistent with
these experimental parameters [Figs. 3(a) and 3(b)]. The
high-pressure EOS curve calculated by the PBE functional
[violet dashed line in Fig. 3(c)] agrees with the exper-
imental results at pressures below 90 GPa. With further

FIG. 2. Representative Raman spectrum and eigenvectors of the
R3̄m-structured WN6 phase at high pressure. (a) Raman spectrum of
the WN6 phase recorded at 165 GPa (excitation wavelength,
λ ¼ 532 nm). The red vertical ticks represent positions of theoretical
Raman-active modes of the WN6 phase. Based on the comparison
with theory, experimentally observed peaks are assigned vibrational
symmetries labeled next to the peaks. (b) Eigenvectors for three
experimentally observed modes. Symmetries and theoretically cal-
culated equivalent Raman shifts are also labeled for clarity. The red
arrows indicate the direction and magnitude of nitrogen atomic
displacements in the N6 rings, as viewed from the top and the side.

FIG. 3. Unit cell parameters and volume of the R3̄m-structured
WN6 phase at high pressure. (a) Pressure-dependent unit cell
parameters of the WN6 phase from XRD results. Solid and open
red triangles represent a parameter in compression and decom-
pression cycle, respectively. Solid and open green triangles
represent c parameter in compression and decompression cycle,
respectively. Black continuous lines represent fitting of the axial
incompressibility using third-order B-M EOS. Violet and blue
dashed lines represent the calculated EOS by PBE and PBE-D3
functional. (b) Pressure dependence of experimental c=a ratio
compared with calculated c=a. Red solid and open squares are
experimental data for compression and decompression cycle,
respectively. Violet and blue dashed lines represent data calcu-
lated by PBE and PBE-D3 functional, respectively. (c) Pressure-
dependent unit cell volume of WN6 fitted by third-order B-M
EOS. Solid and open red circles represent volume in compression
and decompression cycle, respectively, and the black line
represents fitted EOS. Experimental EOS was compared with
the theoretical results using plain PBE (violet dashed line) and
PBE-D3 (blue dashed line) functionals.
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compression, the PBE results exhibit an increasing differ-
ence of larger volume compared to the experimental values.
This may originate from ignoring weak noncovalent
interactions between the quasimolecular N6 rings, which
could shrink the unit cell at high pressures. Based on a
previous report, each covalent-bonded N6 ring obtains
around 2.4e Bader charge [13]. Similar order of the charge
transfer is also found in the N6 rings of TeN6 [15]. These
motivate us to investigate the weak noncovalent inter-
actions between N6 rings. The weak noncovalent inter-
actions were taken into account by employing the DFT-D3
dispersion correction method in the revised PBE-D3
functional [39,40]. The calculated lattice parameters
and volume after this correction are found to be in better
agreement with the experimental data especially in the
pressure range of 120–170 GPa, as shown by the blue
dashed lines in Fig. 3. These results highlight that the
rhombohedral unit cell of WN6 is extremely stiff yet
experiences almost isotropic compression that reflects
balanced contributions of the strong covalent nitrogen
rings, the attractive ionic interactions between W and N6

rings, and the repulsive interactions between the N6 rings
[Figs. 1(b) and 3(b)].
Further, the EOS parameters of the WN6 phase are

compared with other single-bonded polymeric nitrogen
phases (Table S1 in Supplemental Material [25]) to under-
stand the behavior of single-bonded nitrogen sublattices at
high pressure. The incompressibility of the WN6 is rela-
tively higher than those in cg-N [B0 ¼ 298ð6Þ GPa] [7] and
bp-N (B0 ¼ 183 GPa) [4], but is comparable with that in
HLP-N [B0 ¼ 349ð40Þ GPa] [1]. This observation indi-
cates that the N6 structural unit in WN6 is very stiff and
plays an essential role in the ultrahigh incompressibility of
the WN6 unit cell. To better understand the effect of the
weak noncovalent interactions between the N6 rings on the
lattice and EOS parameters, further calculations were
performed using charge-density-based methods. Weak
noncovalent interactions are observed directly by calculat-
ing two- and three-dimensional reduced density gradient
(Fig. S10 in Supplemental Material [25]). The noncovalent
interactions such as the attractive interactions between
W atoms and N6 rings and repulsive interactions between
the N6 rings coexist in WN6. The coexistence of these
interactions compensates for each other to stabilize the
armchairlike hexazine rings in WN6 at high pressures and
contributes to its ultrahigh incompressibility. Furthermore,
the calculated nearest N─N bond length in the WN6 phase
is 1.46 Å at ambient pressure and 1.39 Å at 130 GPa.
Among the known polymeric nitrogen phases, HLP-N also
consists of distorted N6 ring structure; however, this phase
is only found to be stable above 240 GPa. The nearest N─N
bond length of HLP-N is 1.30 Å at 235 GPa [1], whereas it
is 1.31 Å at 400 GPa in the WN6 phase. In comparison, the
nearest bond length for single-bonded nitrogen atoms is
1.346(4) Å in cg-N at 115 GPa [7] and is 1.338(6) Å in

bp-N at 140 GPa [3]. Notably, N─N bond length in the
range ∼1.30–1.46 Å corresponds to high incompressibility.
Interestingly, the WN6 phase is found to have the longest
N─N bond length between nearest nitrogen atoms (N-N)
among different TMNs [Fig. 4(a)]. That means, other
nitrogen-rich nitrides with single-bonded nitrogen and
long nearest N─N bond lengths could also be highly
incompressible.
In order to better understand the mechanical properties of

the WN6 phase, full elastic constants (Cij’s) of the WN6

phase are also calculated at ambient pressure (Table S2 in
Supplemental Material [25]). The bulk modulus (B) and
shearmodulus (G) of theWN6 phase at ambient pressure are
calculated from theCij’s and its density, which are 302.7 and
315.7 GPa, respectively (Table S3 in Supplemental Material
[25]). For a detailed comparison, the Cij and mechanical
moduli (B and G) from previously reported nitrides with
different nitrogen content are listed in Tables S2 and S3,
respectively, see Supplemental Material [25], including the
isostructural MoN6 and ReN6 [14], P4=mbmWN2 [41] and
MoN2 [42], Cmmm ReN4 [43], Immm HfN10 [44],
and pyrite-type PtN2 [45]. As shown in Table S3 in
SupplementalMaterial [25], theR3̄m-structuredWN6 phase
has the highestG among the known transitionmetal nitrides.
Based on the widely used semiempirical models by Chen
et al. [46] and Tian et al. [47], we estimated the Vickers
hardnessHv of all the relevant transition metal nitrides. The
WN6 phase is found to be superhard and possesses the
highest Vickers hardness (57.9 GPa) among the nitrides
[Fig. 4(b)]. The nearest N─N bond length is showing a
nearly consistent relation with the hardness of TMNs
[Figs. 4(a) and 4(b)]. The fracture toughness (KIC) for
different nitrides was calculated using the empirical model

FIG. 4. Comparisons of the bond length, hardness, and tough-
ness of the WN6 phase with other relevant nitrides. (a) Theoreti-
cally calculated nearest N─N bond length for representative
nitrides with nitrogen content (x) per metal atom (WN6 [13],
MoN6 [14], ReN6 [14], P4=mbm WN2 [41] and MoN2 [42],
Cmmm ReN4 [43], Immm HfN10 [44], and pyrite-type PtN2

[45]). (b) The theoretically calculated Vickers hardness (Hv, GPa)
for different nitrides with nitrogen content (x) per metal atom.
The hardest known transition metal (M) nitrides (MNx) are
compared. (c) The calculated fracture toughness (KIC, MPam1=2)
for different nitrides with nitrogen content (x) per metal atom.
Several MNx with high toughness are selected for comparison.
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by Niu et al. [48] [Fig. 4(c) herein and Table S3 in
Supplemental Material [25] ]. With G of 315.7 GPa and a
low Pugh modulus ratio B=G of 0.96, the WN6 phase can
reach a high KIC of around 4.29 MPam1=2. This value is
slightly below those ofWN2 andReN4 but can be considered
high because materials with high hardness usually tend to
have low KIC values. Our calculations here indicate that
WN6 has a good balance between superhardness and
fracture toughness, which is important for material science
applications. Based on theoretical calculations [13], the
superhardness of the WN6 phase can be attributed to the
electron repulsion between W and N atoms that helps to
open the electronic band gap and results in the non-
metallicity in WN6.
In summary, we have successfully synthesized the

R3̄m-structured WN6 phase at 126–165 GPa after laser
heating up to ∼3500 K. The WN6 phase contains novel
armchairlike N6 rings that are manifested in the Eg and A1g

Raman-active modes at 760, 905, and 1057 cm−1. The
refined lattice parameters and Raman-active modes of the
WN6 phase are in excellent agreement with theoretical
calculations. The strong covalent N─N single bonds in the
N6 ring, the ionic interactions between the N6 rings and
the tungsten atoms, and the repulsive electrostatic inter-
actions between N6 rings are the main attributes of the
ultrahigh incompressibility of the WN6 phase. The arm-
chairlike hexazine nitrogen sublattice in the WN6 phase is
remarkably comparable to that in the polymeric nitrogen
phases and can be a high-energy-density material candi-
date. Calculations of the elastic moduli indicate that the
WN6 phase exhibits superhardness and good fracture
toughness. Future efforts in the synthesis and recovery
of TMNs will lead to a wealth of knowledge in the novel
chemistry and physical properties of the single-bonded
hexazine-bearing nitrides.
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