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Superhard hexagonal transition metal and its carbide and nitride: Os, OsC, and OsN
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Recent experimental findings suggest that the bulk modulus of osmium is comparable to that of diamond.
From first principles calculations we examine the compressibility of diamond, Os, OsC, OsN, and OsO, as well
as cubic BN under pressure. We show that Os, OsC, and OsN in the hexagonal structures are less compressible
than their cubic phases. The bulk moduli of hexagonal Os, cubic Os, and hexagonal OsC are smaller than that
of diamond but larger than cubic BN. Our results indicate that the hexagonal OsC is a promising superhard
material.
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Although it is long known that diamond is the hardest diamond, cubic boron nitride (c-BN), carbon nitrides,? and
existing material with the highest known bulk modulus of  carbon dioxide.? The other kind of superhard materials is the

443 GPa,' there still has been ongoing effort to search an- transition metals and their carbides, nitrides, and oxides
other material as hard as or even harder than diamond. Two [such as ZrO,, TiO,, and HfO, (Ref. 4)]. The bulk modulus
kinds of materials are believed to be possible superhard can- of solid osmium was measured to be 462 GPa by Cynn et

didates. One is the strongly covalent-bonded solids, such as al.,% higher than that of diamond [443 GPa (Ref. 1)]. More

TABLE 1. The calculated lattice parameters, a, (A), ¢/a, bulk moduli B, (GPa),and their pressure de-
rivatives By, as well as equilibrium volumes Vj, (A3/atom) and compared with available experimental data
and other computational results.

Lattice constant Vo
Materials ay (A) cla B, (GPa) B, (A3/atom)
Diamond 3.537 438 3.55 5.530
3.567" 443 444¢ 1-2.5;¢ 4¢ 5.673
3.5628 467.1,° 3.6,° 3.458 5.505,¢
4468 5.6498
Os (hex) 2.746 1.578 403 4.36 14.154
1.580* 462+122 13.978°
1.580) 4116 4.0+0.2 13.971,
13.979%
2.7348(9)' 1.5794(6)" 395(15)" 4.5(5)!
1.584¢ 444 8° 4.4¢ 13.749¢
Os(fece) 3.845 401 4.15 14.216
3.834 4194
0OsC(WQO) 2.928 0.928 396 3.97 10.086
c-BN 3.592 381 3.49 5.795
3.617,F 3.6108 369, 3928 3.798
OsN(WCQO) 2.743 1.130 367 5.08 10.093
OsC(NaCl) 4.333 366 391 10.176
4.33¢ 3924
OsN(NaCl) 4.335 342 4.15 10.185
4.32¢ 3724
0sO;(rutile) 4.499 0.752 302 3.72 10.748
4510 0.707"
aExperiment (Ref. 6). hReference 21.
PExperiment (Ref. 4). "Experiment (Ref. 22.)
‘FP-LMTO(LDA) (Ref. 6).- iExperiment (Ref. 7).
‘Plane wave pseudopotential (LDA) (Ref. 5). XCSD (Inorganic Crystal Structure Database) cited
“Experiment (Ref. 1). in (Ref. 7).

"Experiment (Refs. 17 and 18).

l .
SL.MTO-ASA(LDA) (Refs. 19 and 20). Experiment (Ref. 8).
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TABLE II. The relative energy of cubic Os, OsC, and OsN in
comparison with their hexagonal phases (the total energy for the
hexagonal phases are set to 0 eV as a reference).

Systems Os (fce) OsC (NaCl) OsN (NaCl)

Relative energy 0.075 0.464 0.224

(eV/atom)

recently, it has been determined to be 411+6 GPa by Occelli
et al.” and 395+15 GPa by Kenichi et al.® using different
experimental methods. These values, although smaller than
that of diamond, are still considered to be quite large. The
carbides, nitrides and oxides of osmium are therefore ex-
pected to be less compressible materials. The bulk moduli of
osmium carbide (OsC) and osmium nitride (OsN) in the cu-
bic phases (NaCl structure) have been predicted from first
principles calculations to be 392 GPa and 372 GPa,
respectively.’ However, less studies has been done on the
compressibility of the more stable hexagonal structures of
OsC and OsN. In this work, ab initio pseudopotential total
energy calculations are performed to systemically examine
the compressibility of Os, OsC, and OsN in both the cubic
and hexagonal structures, as well as OsO, in the rutile struc-
ture.

Calculations on Os, OsC, OsN, and OsO, have been per-
formed by the CASTEP code’ (version 4.6) using ab initio
pseudopotentials!® based on Density Functional Theory
(DFT) (Ref. 11) and employing the generalized gradient ap-
proximation (GGA-PW91) (Ref. 12) of exchange-correlation
effects and Vanderbilt’s ultrasoft pseudopotentials.'® The cut-
off energies are 340 eV for Os, OsC, and OsN, and 380 eV
for OsO,, respectively. For comparison, diamond and c-BN
are also calculated with cutoff energies of 310 eV and
280 eV, respectively. The special k-points are generated us-
ing the Monkhorst-Pack scheme'* with a grid of 0.05 A~'.
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FIG. 1. (Color online) The calculated volume-pressure data
(EOS) of diamond, Os, OsC, OsN, OsO,, and cubic BN. [The EOS
near the experimental pressure of 60 GPa is shown in the inset
figure, where diamond, Os (hex) and OsC(WC) are highlighted by
thicker solid lines. ]
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FIG. 2. The calculated c/a ratios for Os (hex), OsC(WC),
OsN(WC), and OsO, (rutile) as a function of pressure.

As shown in Table I, the calculated lattice constant of
diamond is 3.537 A, which is in good agreement with the
experimental value of 3.567 A, with an error of 0.84%. The
bulk modulus of diamond calculated in this work is 438 GPa,
which is underestimated by 1.1% compared with the experi-
mental value of 443 GPa. For the 5d transition metal, Os, the
calculated lattice parameter ¢/a (1.578) and equilibrium vol-
ume (14.154 V, A3/atom) are in good agreement with the
experimental values of 1.580 (Ref. 6) [or 1.579 (Ref. 15)]
and 13.978 (Ref. 16) [or 13.99 (Ref. 14)], respectively. The
bulk modulus (403 GPa) of Os (hexagonal) is smaller than
the measured value of 462+12 GPa by Cynn et al.® but
agrees well with the recent experimental data 411+6 GPa by
Occelli et al.” and 395+ 15 GPa by Kenichi et al.® within the
experimental error bars. For comparison, we also calculate
Os in the fcc structure’ to have a bulk modulus of 401 GPa,
which is slightly smaller but still comparable to the one of
the hexagonal Os. Our calculations suggest that both phases
of Os have low compressibility and high bulk moduli.

OsC and OsN in the NaCl structure have been predicted
to be superhard materials with bulk moduli 392 and
372 GPa, respectively,’ and our calculations give 366 GPa
for OsC and 342 GPa for OsN for the same cubic structure.
However, OsC and OsN are more energetically stable in the
hexagonal (WC-like) structure under the ambient pressure, as
shown in Table II. In the pressure range of 0—100 GPa in
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FIG. 3. Total density of states (DOS) of Os (hcp), OsC(WC),
and OsN(WC). The arrows indicate the change of antibonding
states. Fermi energy is located at 0 eV.

this study, it is found that Os and its carbide and nitride are
also energetically favorable in the hexagonal phases. That
means the cubic phases can be formed only under the non-
equilibrium condition. As shown in Table I, the bulk moduli
of the hexagonal OsC (396 GPa) and OsN (367 GPa) are
larger than those in the cubic phases. The bulk modulus of
osmium oxide (OsO,) is 302 GPa, smaller than those of os-
mium carbides and nitrides.

To compare the compressibility of Os and OsC, OsN,
0OsO, under pressure, the volume compressions as a
function of pressure are plotted in Fig. 1. The order of
compressibility from low to high is: diamond <Os (hex)
< Os(fcc) <OsC(WC) <c-BN<OsN(WC)<OsC(NaCl)
< OsN (NaCl) < Os0, (rutile), as also can be deduced from
their bulk moduli listed in Table I. The equation of state
(EOS) also shows that OsC in the WC structure has the low-
est compressibility among the osmium compounds of os-
mium carbides, nitrides, and oxide. The dependence of vol-
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FIG. 4. (Color online) Charge density surfaces of OsC (WC)
and OsC(NaCl). The charge value of the surface is chosen to be
0.7¢ per cell to distinguish the two structures. The unit cells are
indicated by the dashed lines while the gray lines in the corners
show the bondings to the atoms outside the unit cell. The arrows
indicate the different charge distributions between Os-C in the hex-
agonal and cubic phases.

ume compression on directions (namely, ¢/a ratios) as a
function of pressure for hexagonal Os, OsC, OsN, and OsO,
(Fig. 2) shows the compressibility along c-axis is much
lower than that along a-axis.

It is interesting to examine the relationship between elec-
tronic properties and mechanical properties (e.g., bulk modu-
lus). According to Grossman et al.,’ the high bulk modulus
of Os is attributed to its strong directional bonding. In com-
parison to the other sixth-row transition elements (W-0Os),
the directional bonding increases with the number of valence
electrons. Similar trend is observed for the bulk modulus
until it reaches the saturation of valence electron concentra-
tion in Os.> However, in the osmium compounds, the direc-
tional bonds are changed to d-p hybridization in the presence
of the C or N atoms. The bonding states in OsC and OsN are
saturated and the antibonding states begin to be filled. There-
fore, the bulk modulus decreases from Os to OsC and then to
OsN. This picture can be seen clearly through the compari-
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TABLE III. The expressions of the second order regression for
the calculated ¢/a ratios: c/a (in A)=\y+\;P+N\,P? (P is in GPa).

Systems No Ny (X1074 Ny (X1077)
Os(hex) 1.578 1.201 4212
0sC(WC)? 0.928 2732 1.015
OsN(WC) 1.130 1.342 -5.191
0s0,(rutile) 0.709 5.770 -14.91

Linear fit: Ny=0.928, \; (X107%)=2.829.

son of density of states (DOS) of Os, OsC, and OsN in the
hexagonal structures, as shown in Fig. 3, where the antibond-
ing states are sharp and increase significantly from Os to
OsC and OsN (as indicated by the arrows in Fig. 3).

We now turn to the comparison of bulk modulus of OsC
in different structural phases. The charge density surfaces of
OsC in the hexagonal and cubic structures are plotted in Fig.
4. The bonding of Os-C in OsC (WC) is stronger than that in
OsC (NaCl), as indicated by the arrows in Fig. 4. Therefore
the hexagonal OsC is less compressible than the cubic OsC.
The same trend is observed for OsN.

The measured hcp c/a ratio of Os in high pressure XRD
experiments has been shown to increase with applied
pressure.® This is confirmed by our first principles calcula-
tions, as shown in Fig. 2. Our calculations also find similar
behavior for OsC and OsN in the WC structures as well as
rutile OsO,. Their calculated c/a ratios are slightly nonlin-
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ear, except for OsC, which is linear. The expressions of the
second order regression for the calculated c/a ratios are
listed in Table III. We observe that keeping the c/a ratios
fixed will result in different calculated values for bulk modu-
lus. For example, when we used the same code with the
ratios of c/a fixed while changing the volume, the value for
Os (hcp) was 393 GPa. This value was underestimated com-
pared to the value of 403 GPa, obtained by full relaxation
using ab initio stress (by applying external static pressure).

In summary, first principles calculations have been per-
formed to study the compressibility of Os, OsC, and OsN
both in their cubic and hexagonal structural forms, and OsO,
in its rutile structural form. Our calculated results suggest
that both hexagonal and cubic Os are low-compressibility
metals with bulk moduli of 403 and 401 GPa, respectively.
Hexagonal Os, OsC, and OsN have lower compressibility
than their cubic phases, as indicated from the calculated bulk
moduli and equation of states. Among osmium’s carbide, ni-
tride and oxide, OsC in the WC structure is found to be least
compressible with a bulk modulus of 396 GPa, suggesting
that OsC has the potential to be a superhard compound for
mechanical applications. The origin of high bulk modulus in
Os and hexagonal OsC and OsN are explained in terms of
electronic properties such as directional bonding, density of
states, and charge density.
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for fruitful discussions and Kai Loon Chen for proofreading
the manuscript.
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