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Transition-metal light-element compounds are a class of designer materials tailored to be a new
generation of superhard solids, but indentation strain softening has hitherto limited their intrinsic
load-invariant hardness to well below the 40 GPa threshold commonly set for superhard materials.
Here we report findings from first-principles calculations that two tungsten nitrides, hP4-WN and
hP6-WN2, exhibit extraordinary strain stiffening that produces remarkably enhanced indentation
strengths exceeding 40 GPa, raising exciting prospects of realizing the long-sought nontraditional
superhard solids. Calculations show that hP4-WN is metallic both at equilibrium and under inden-
tation, marking it as the first known intrinsic superhard metal. An x-ray diffraction pattern analysis
indicates the presence of hP4-WN in a recently synthesized specimen. We elucidate the intricate
bonding and stress response mechanisms for the identified structural strengthening, and the insights
may help advance rational design and discovery of additional novel superhard materials.

PACS numbers: 61.50.-f, 62.20.-x, 71.20.-b, 81.40.Jj

Traditional superhard materials like diamond and cu-
bic boron nitride are indispensable to fundamental study
and practical application in many fields of science and
technology [1]. These strong covalent solids require strin-
gent high pressure and high temperature synthesis and
sintering conditions; moreover, diamond oxidizes in air
and reacts with ferrous metals at moderate temperatures.
Such constraints impose limits on practicality and appli-
cability of these materials. Recently a rational design
strategy has been pursued [2-11] to tailor a new genera-
tion of superhard materials by combining light elements
(LEs) like boron and nitrogen with heavy transition met-
als (TMs), and it is expected that TM atoms would con-
tribute high valence electron density to enhance incom-
pressibility and LE atoms would form strong covalent
network to strengthen the crystal structure.

Among TM-LE compounds TM borides have attracted
considerable interest in recent years because of their fa-
vorable synthesis conditions and promising mechanical
properties [9, 10, 12-17]. There have been reports of
TM borides with hardness up to 50-60 GPa [18, 19];
however, these large hardness values are obtained only
at very small loading forces or estimated using proper-
ties at the equilibrium structure, and results measured
at large indentation loading drop by as much as 60-
80% [20, 21]. Such load-dependent hardness readings
do not offer an accurate measure of the indented ma-
terial’s ability to resist large plastic deformation; the
material’s intrinsic hardness is commonly defined by the
load-independent value reached at large indentation load-
ings [22, 23]. All TM-LE compounds reported to date
exhibit intrinsic load-independent hardness in the 15-30
GPa range, well below the 40 GPa threshold for super-
hard materials; first-principles calculations reveal large
indentation strain softening as the main cause for the

unexpectedly low load-invariant hardness [24-29]. Inden-
tation strain stiffening, which is uncommon among crys-
talline solids, can greatly enhance indentation hardness
as recently seen in some traditional superhard materials
[30-33]. This mechanism may hold the key to producing
the long-sought intrinsic superhard TM-LE compounds.
Recent report of high-pressure synthesis of tungsten ni-
trides [34] has stimulated great interest in searching for
such compounds in a new series of TM nitrides.

In this Letter, we present compelling findings of ex-
traordinary indentation strain stiffening in two tungsten
nitrides, hP4-WN and hP6-WNs, which produces re-
markably enhanced indentation strengths above 40 GPa.
First-principles calculations show that hP4-WN is metal-
lic both at equilibrium and under large indentation, while
hP6-WNy undergoes a semiconductor-to-metal transition
accompanying the indentation strengthening. Our re-
sults designate these tungsten nitrides as the first in-
trinsic superhard materials outside the family of tradi-
tional strong covalent solids and, in particular, place
hP4-WN as the first intrinsic superhard metal. Energetic
and lattice dynamic data indicate that both compounds
are at least metastable; a structural analysis indicates
the presence of hP4-WN in synthesized W-N specimen.
A study of indentation induced structural evolution un-
veils delicate bonding changes underlying the remarkable
structural strengthening. These insights elucidate funda-
mental mechanisms for superior indentation strengths of
these outstanding tungsten nitrides and pave the way for
rational design and discovery of more TM-LE compounds
as a new generation of superhard solids.

Stress-strain relations from first-principles calcula-
tions can accurately describe material deformation and
strength under diverse loading conditions [35-45], and
calculated indentation strengths can be directly com-
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FIG. 1: (a) The crystal structure of hP4-WN at equilibrium (top) and projected onto the (110) plane (bottom); (b) calculated
stress responses under tensile strains along various high-symmetry directions; (c,d) calculated stress responses under pure shear
and indentation shear strains in the (110) plane along the [001] or [110] shear direction, and the W-W bond length (l) in the
(001) plane up to the peak indentation strain. The bottom panels show the structural snapshots at two key points before and
after the large drop of stress on each stress-strain curve under pure and indentation strains shown in (c¢) and (d).

pared to well-controlled nanoindentation measurements
[46-48]. Under indentation, shear instability usually pre-
cedes the initiation of cracks and dislocations [49], signal-
ing the onset of incipient plasticity [38, 40], and bond col-
lapse may also occur under a compressive stress [50, 51].
Determination of indentation strength is achieved by cal-
culations under a biaxial stress field that contains a shear
(022) and a normal compressive (0,,) stress component
that obey the relation o,, = o,,tan®, where ¢ is the
centerline-to-face angle of the indenter [50, 51]. We have
performed calculations for many TM-LE compounds,
especially TM borides, and the obtained indentation
strengths describe well the measured load-invariant in-
dentation hardness [24-29]. We adopted this method to
assess tungsten nitrides in the present work.

Recent studies using the latest crystal structure
search techniques have identified a number of stable
and metastable W-N phases [52, 53]. We have calcu-
lated stress-strain relations of all the stable and some
metastable W-N phases in search of intrinsic superhard
structures [54], and this systematic screening has led to
the finding of two tungsten nitrides, hP4-WN and hP6-
WNj, that exhibit large indentation strength exceeding
40 GPa. We focus our discussion in this work on these
two superhard phases, leaving a detailed analysis of all
other studied W-N structures to a followup work.

Tensile stresses along high-symmetry directions are
first examined to find the weakest tensile directions that
determine the easy cleavage planes [35, 44], and indenta-
tion shear stresses in these planes are then obtained to
assess indentation strengths [50, 51]. The structure of
hP4-WN [Fig. 1(a)] belongs to space group P63/mmc
and has the lattice parameters a=2.848 A and ¢=5.790
A with the W and N atoms occupying the Wyckoff

positions of 2a (0.0000, 0.0000, 0.0000) and 2¢ (0.3333,
0.6667, 0.2500), respectively. Its tensile stress along the
[110] direction has the lowest peak value, making (110)
the dominant easy cleavage plane. Our calculations have
identified significant indentation strain stiffening in this
plane along two inequivalent shear directions, (110)[001]
and (110)[110]. Results in Fig. 1(c) and 1(d) show an
enhancement of indentation strength from 26.8 GPa to
36.5 GPa, a 36% increase, under the (110)[001] Vick-
ers shear and from 35.7 GPa to 65.2 GPa, a remarkable
83% enhancement, under the (110)[110] Vickers shear.
Since these two shear directions are each two-fold sym-
metric and perpendicular to each other [see Fig. 1(a)],
an indentation test that pushes against both directions is
expected to produce indentation strength and the corre-
sponding hardness exceeding 40 GPa, making hP4-WN
the first intrinsic superhard material outside the family of
traditional all-light-element superhard solids. Remark-
ably, calculations (see Fig. S1 in Supplemental Mate-
rial (SM) [61]) indicate that hP4-WN is metallic both at
equilibrium and under indentation, placing this material
as the first known intrinsic superhard metal. It is noted
that in synthesized specimens the calculated stress-strain
curves may not always be followed, potentially leading to
somewhat lower peak strength values.

To understand the extraordinary indentation strain
stiffening in hP4-WN, which is unprecedented among
TM-LE compounds, it is instructive to examine atomic
deformation modes of the indented crystal lattice in com-
parison with that under pure shear deformation. In both
cases shown in Fig. 1 (¢) and 1(d), the stress response
under indentation shear is nearly identical to that un-
der pure shear at small strains, but further indentation
causes greatly enhanced stiffness. The major contri-
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FIG. 2: (a) The crystal structure of hP6-WN> at equilibrium (top) and projected onto the (110) plane (bottom); (b) calculated
stress responses under tensile strains along various high-symmetry directions; (c,d) calculated stress responses under pure shear
and indentation shear strains in the (110) plane along the [001] or [110] shear direction, and the W-W bond length (1) in the
(001) plane up to the peak indentation strain. The bottom panels show the structural snapshots at two key points before and
after the large drop of stress on each stress-strain curve under pure and indentation strains shown in (c) and (d).

bution to this indentation strain stiffening stems from
the shortening, thus strengthening of the W-W metallic
bonds in the (001) planes, which is driven by the nor-
mal compression (0,,) that is absent under pure shear
strains. The corresponding W-W bond length decreases
from 2.848 A at equilibrium to 2.628 A at the peak-stress
strain of 0.135 under the (110)[001] indentation shear [see
Fig. 1(c)]. This shortened W-W bond length is well be-
low the typical W-W metallic single bond (2.756 A) in
a-W [62]. These W-W bonds, which become apprecia-
bly stronger as the compression increases, considerably
strengthen the base of the trigonal prism units in the
crystal structure, as seen in the structural snapshot V;
taken at the peak strength shown in Fig. 1, and the re-
sulting strong three-dimensional trigonal-prism network
significantly enhances the structure’s ability to resist de-
formation, whereas in the pure shear case, the prism
base comprises much longer and weaker W-W bonds that
slightly increase at increasing strains up to the breaking
of a key W-N bond leading to a sharp drop of stress, as
seen in snapshots P; and P, shown in Fig. 1. Under the
(110)[110] indentation shear, the situation is similar; but
the strain stiffening is even more pronounced. This result
is attributed to a more dramatic shortening (to 2.430 A)
of the W-W bonds in the (001) plane when sheared in
the [110] direction, which, in turn, further strengthens
the crystal structure against the indentation shear defor-
mation. Another key factor in making and holding the
tightly bound trigonal-prism network during the indenta-
tion process is the strong bonding between the nitrogen
and tungsten atoms; the W-N bond lengths increase only
a few percentage points from equilibrium to the peak-
stress strains, resulting in an overall reduction in the vol-

ume of the hP4-WN structure. This strong W-N bonding
prevents a large lateral lattice expansion under the Vick-
ers indentation loading, which is the main mechanism
for the indentation softening observed in other TM-LE
compounds [24-29].

The hP6-WNy structure [see Fig. 2(a)] also belongs
to space group P63/mmc and has the lattice parameters
a=2.928 A and ¢=7.789 A with the W and N atoms
occupying the Wyckoff positions of 2d (0.3333, 0.6667,
0.7500) and 4e (0.0000, 0.0000, 0.5901), respectively.
Calculated peak tensile stresses along the [110] and [110]
directions [Fig. 2(b)] are very close, making them both
viable cleavage planes. Here we focus on the (110) plane
that manifests intrinsic superhard behavior driven by in-
dentation strain stiffening. Under the (110)[001] pure
shear hP6-WNs exhibits a high peak stress of 43.0 GPa
[Fig. 2(c)], but the peak stress under the (110)[110] pure
shear is much lower at 30.7 GPa. Indentation strains in-
duce a semiconductor-to-metal transition (Fig. S2 in SM
[61]) and strength enhancement. Under the (110)[001]
Vickers indentation, the stress response is similar to that
under the pure shear strains, but the stress then dips
slightly followed by a sharp rise to a peak stress of 46.7
GPa, an enhancement over the pure shear strength of
43.0 GPa. An examination of the bonding change during
the deformation process reveals that the dip stems from
a bond rotation mode (Fig. S3 in SM [61]) similar to
that under pure shear deformation (see snapshots P; and
P5 in Fig. 2); upon further loading the normal indenta-
tion stress (0,) compresses the atomic layers in the [110]
direction and promotes additional bonding between the
W atom with the surrounding N atoms, resulting in an
eight-coordinated W-N bonding configuration in contrast



to the six-coordinated one at equilibrium. Moreover, key
W-N and W-W bond lengths are reduced by compres-
sion similar to the situation in hP4-WN. Consequently,
the N-N bonds become the most strained load bearing
units, producing the sharp rise of stress until the break-
ing of the N-N bonds [see snapshots V; and Vs in Fig. 2].
Under the (110)[110] indentation shear, a robust stress
response is produced by the compression induced bond
strengthening accompanied by a similar transition from
six-coordinated to eight-coordinated W-N bonding con-
figuration with the peak stress reaching 67.4 GPa; here
the main load bearing units are the eight-coordinated
W-N bonds, and the breaking of three such W-N bonds
marks the peak indentation shear strength [see Fig. 2(d)
and snapshots Vg and V).

Our study indicates that stress response is sensitive to
the crystallographic planes chosen for indentation load-
ing. For hP4-WN and hP6-WNj the indentation strain
stiffening occurs in dominant or viable easy cleavage
planes, making it relatively easy to realize, although care
needs to be taken in preparing the cleavage surfaces. Our
phonon calculations also show that these two tungsten
nitride structures remain dynamically stable up to their
respective peak indentation shear strains (see Fig. S6 in
SM [61]). The strength values also depend on exchange
correlation functionals used in calculations. We have per-
formed calculations for hP4-WN and hP6-WNy in the
(110) plane using the local density approximation (LDA),
and the obtained indentation shear strengths (Fig. S4 in
SM [61]) are higher than the generalized gradient ap-
proximation (GGA) results shown above. Actual values
are expected to lie between the LDA and GGA results,
firmly placing the two tungsten nitrides in the superhard
category.

We now comment on possible synthesis of the tung-
sten nitrides studied here. Recent experiments [34] re-
ported on four batches of specimens; among these the
two synthesized and sintered at higher pressure and tem-
perature conditions possess better crystallinity and de-
serve close attention. Based on a simple fitting scheme,
the two structures were designated as cP7-W3Ny (space
group Pm3m) and hP2-WN (space group P62m), respec-
tively. However, both structures show extensive imagi-
nary phonon modes (Fig. S5 in SM [61]) and are there-
fore dynamically unstable. In this work, we have per-
formed extensive refitting of the measured x-ray diffrac-
tion (XRD) spectra using the stable and some metastable
structures from the latest structure search work [52]. The
results show that the experimental XRD previously as-
signed as cP7-W3Ny is fit perfectly by the cubic cP6-WN
phase [see Fig. 3(a)], which has been identified as a sta-
ble phase [52]. Phonon calculations show that ¢cP6-WN
along with hP4-WN and hP6-WNy are all dynamically
stable (Fig. S5 in SM [61]). Meanwhile, the previously
poorly fit and puzzling XRD for the experimentally as-
signed hP2-WN phase is well fit [Fig. 3(b)] by the hP4-
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FIG. 3: (a) Fitting experimental XRD on a synthesized tung-
sten nitride specimen [34] by the cP6-WN phase. (b) Fitting
experimental XRD on another tungsten nitride specimen by
separating the measured spectra into two sets, one from the
reactant cP6-WN phase and the other from the resultant hP4-
WN phase. The x-ray wavelength is Ao, =1.5406 A.

WN phase after the subtraction of the XRD spectra of
the cP6-WN phase, which was used as the starting reac-
tant material for preparing the fourth batch of specimen
in the reported experiment [34]. This result suggests that
the sintering at high pressure and temperature induced a
partial transformation from cP6-WN to hP4-WN, and it
points to a possible way to produce pure hP4-WN phase.
While there has been no report on the synthesis of hP6-
WNsy, a thermodynamic stability analysis has predicted
[52] that this phase is viable for synthesis.

In summary, we have identified by first-principles cal-
culations two tungsten nitrides, hP4-WN and hP6-WNy,
as intrinsic superhard materials with load invariant in-
dentation strength exceeding 40 GPa. These are the first
non-traditional superhard materials outside the family
of all-light-element strong covalent solids; furthermore,
hP4-WN is predicted to be the first known superhard
metal, making it uniquely qualified for applications where
superhardness and electric conduction are both desired.
The extraordinary indentation strain stiffening in these
tungsten nitrides stems from the indentation compres-
sion induced strengthening and coordination number in-
crease of the W-N bonds and a significant contribution
from the compression shortened and strengthened W-W
metallic bonds. The superhard behavior is also sensitive
to the crystal structure and the orientation of the in-



dented cleavage plane. These insights offer key guidance
for seeking additional superhard materials in the large
family of TM-LE compounds, especially transition-metal
nitrides crystalized in hexagonal structures.
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