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Prediction of a superhard material of ReNy
with a high shear modulus*
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Using first-principles calculations, this paper systematically investigates the structural, elastic, and electronic

properties of ReN4. The calculated positive eigenvalues of the elastic constant matrix show that the orthorhombic Pbca

structure of ReNy is elastically stable. The calculated band structure indicates that ReN4 is metallic. Compared with

the synthesized superhard material WBy, it finds that ReNy exhibits larger bulk and shear moduli as well as a smaller

Poisson’s ratio. In addition, the elastic constant cqq4 of ReNy is larger than all the known 5d transition metal nitrides

and borides. This combination of properties makes it an ideal candidate for a superhard material.
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1. Introduction

Much effort has been made searching for new su-
perhard materials during the past decade. Scientific
attempts to synthesize or theoretically predict new su-
perhard materials are focused on two classes of super-
hard materials. The first one is the compounds formed
by the light elements (LEs) B, C, N, and O, such as
diamond, cubic boron nitride (¢-BN), and carbon ni-
trides etc.! =4 The second one is the borides, carbides,
nitrides, and oxides of transition metals (TMs).[5—22
The main difference in composition between the two
classes of materials is that the first is formed by LEs
while the second by the TM elements and LEs. In the
second class, the TM elements have high valence elec-
tron density and the interstitial atoms such as boron,
carbon, nitrogen, and oxygen are small and strong
bond forming elements. It is well known that two de-
signed parameters are of importance for the selection
of superhard TM compounds, i.e., a high valence elec-
tron density of TM and the presence of directional co-
valent bonding. Applying this idea, Gu et al.l*!l have
synthesized the boron-rich compounds OsB, Os;Bg,
OsBjy, RuB, RuB,, WBy, and WBy.
mental results show that the Vicker’s hardness value
(HV) (46.2 GPa) for WBy is in the order of c-BN[23:24]
and the recently reported value for ReBy (48 GPa).[2%]
In addition, they found that the hardness of the mate-

Their experi-

rial increases with increasing B content. For example,
the HVs for OsB, OsyBj3, and OsBsy are 14.4 GPa,
21.8 GPa, and 23.5 GPa, respectively. Then, Wang et
al.1%] reveal the origin of the high hardness for WBy
by first-principles calculations and further predict that
five other TMB compounds within the WBy structure
are potential superhard materials. Furthermore, their
calculations indicate that incorporating B into TMs
does not significantly change the high electron densi-
ties and the strong covalent bonding between LEs is
necessary for high hardness. Based on the above ex-
perimental and theoretical explorations, the best way
of synthesizing new superhard materials could be an
extensive search for LE-rich TM compounds, where
LE-LE bonds are easily formed. In this study, first-
principles calculations on the structural, elastic, and
electronic properties of ReNy were performed system-
atically. Our calculations show that ReN, exhibits
large bulk and shear moduli as well as a small Pois-
son’s ratio and is expected to be a superhard material.

The initial structure model derives from the

related compound of RePy,27

because chemically
related compounds often have a similar structure.
For example, both PtN5[7 and PtP528] have the
pyrite structure while IrN,®9 and IrP,[2 possess
the monoclinic structure. Therefore, it is valuable to
study ReN4 with the orthorhombic Pbca structure of

R€P4.[27]
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2. Computational detail

The calculations presented in this study were per-
formed within the density functional theory, using the
projector-augmented wave (PAW) method.[%-31 We
used the Vienna ab initio simulation program (VASP)
computer code,32-34 which implements the method.

[35] was used

The local density approximation (LDA)
with the PAW potential.

mized with the conjugate-gradient algorithm method.

The structure was opti-

A plane wave cutoff energy of 500 eV was employed
throughout. All atoms were fully relaxed with the
force on each ion less than 5 meV/A(1 A=0.1 nm).
The calculations were performed by using a (7,5,4)

l

Monkhorst-Pack mesh which corresponds to 70 k-
points in the irreducible Brillouin zone of the or-
thorhombic Pbca structure ReNy.
creasing the cutoff energy to 600 eV and the number

Furthermore, in-

of k-points to (9,7,6) changes the lattice constants less
than 0.05%, indicating that these calculations are re-
liable.

We use the strain-stress method to obtain the
clastic constants of ReNy. The elastic constants
are listed in Table 1.

the polycrystalline bulk modulus B, shear modu-

From the calculated c;j,

lus G, Young’s modulus FE, and Poisson’s ratio v

were further estimated by using the Voigt—Reuss—Hill

approximation. 36l

Table 1. Calculated elastic constants c¢;;, Poisson’s ratio v, Young’s modulus E, bulk modulus B, and shear

modulus G of ReNy.

€11 c12 €13 C22 €23 €33 C44  C55  C66 » E B G
/GPa /GPa
WBy (Ref. [26]) | 448 282 250 496 179 033 | 3424 3282 129.1
ReNy 465 141 133 700 296 881 509 78 97 | 0.24 | 526.7 335.3 2127
[
3. Results and discussions B

As is well known, hardness is related to the elas-
tic and plastic properties of a material. A superhard
material should have a high shear modulus to restrict
deformation in a direction different from the applied
load besides a high bulk modulus to support the vol-
ume decrease caused by an applied load. The bulk
modulus depends mainly on the valence electron den-
sity and is less related to structural details. Thus, it is
necessary to calculate the valence electron density of
ReN, firstly. As shown in Table 2, our calculated va-
lence electron densities for Re and ReNy are 0.476 and
0.462 electrons/AS, respectively. These values show
that incorporating N into Re almost does not change
the high electron density, indicating the low compress-
ible property of ReN4. The valence electron density
(0.462 electrons/A3) for ReNy is very close to WBy
(0.465 electrons/A3).[26] The WB, has been demon-
strated to be a superhard material both experimen-
tally and theoretically.?1:26] Thus, ReNy is expected
to show a low compressibility and to be a superhard
material. Figure 1 shows the optimized orthorhombic
Pbca structure of ReNy.

Fig. 1. Orthorhombic structure of ReN4 with space group
Pbca.
atoms, respectively.

The large and small spheres represent Re and N

Table 2. Calculated equilibrium lattice parameters a, b,
¢, cell volume (V'), and valence electron densities (p) of
ReNy.

a/A
5.089

b/A
7.274

c/A  V/A3
8.892  329.07

p/(electrons/A3)
0.462

ReNy

As listed in Table 1, the bulk modulus 335.3 GPa
and shear modulus 212.7 GPa for ReNy are larger
than the corresponding values of 328.2 GPa and
129.1 GPa for WB,.[26] In particular, the shear mod-
ulus (212.7 GPa) for ReNy is about two times that of
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WB, (129.1 GPa). The bulk modulus measures the
resistance of a solid to volume change. The shear mod-
ulus, a measurement of resistance to shape change, is
more pertinent to hardness. As Chung et al.[’”) said:
‘incompressibility (the reciprocal of bulk modulus) is
a necessary but insufficient attribute of a hard ma-
terial.” The shear modulus is indeed a significantly
better qualitative predictor of hardness than the bulk
modulus, and a linear relationship is observed be-
tween the hardness and shear modulus.*”) Now the
shear modulus of ReNy is about two times of that
of WBy, it is to be expected that the hardness of
ReNy is higher than WB,4. Not only is the hardness
related to the bulk and shear moduli but it is also
related to the elastic constant cy44, which is the most
important parameter indirectly governing the inden-
tation hardness. The elastic constant cs4 for ReNy
(509 GPa) is so large in comparison with known super-
hard materials such as ReBg,[!' =131 PtNy,[17=19 and
WB, 20 that its resistance to the shear stress should
be very strong, which is very consistent with the large
shear modulus (212.7 GPa). In the Pbca structure of
ReNy, the N atoms form pseudo-Ny molecules with
the nearest N-N distance of 1.30 A and next-nearest
N-N distance of 1.44 A. More importantly, the ar-
rangement of these pseudo-Ny molecules runs gener-
ally with the (100) plane, which results primarily in
the largest elastic constant c¢4q of the known 5d TM
nitrides and borides. The value of the Poisson’s ratio
is an indication of the degree of directionality of the
covalent bonds. The smaller Poisson’s ratio for ReNy
(0.24) compared to WBy (0.33)2% indicates a stronger
degree of covalent bonding resulting in higher hard-
ness. The elastic anisotropy of a crystal can also be
measured by the percentage anisotropy in compress-
ibility and shear: Agp = (By — Bg)/(Br + By) and
Ac = (Gv —GRr)/(Gr+Gy). A value of 0 represents
elastic isotropy and a value of 1 represents the maxi-
mum anisotropy. The values of Ap and Ag are calcu-
lated to be 4.91% and 11.14% for ReNy, respectively.
So ReNy exhibits a relatively high degree of isotropy
in compressibility and shear. We calculated the eigen-
values of the elastic constant matrix and found that
all eigenvalues are positive, indicating that ReNy is
elastically stable.

To gain some insight into the electronic proper-
ties of ReNy4, we calculated its band structure and
total density of states (DOS). From Fig. 2, ReNy is
metallic because of some bands crossing the Fermi
level. The total and partial DOS of ReNy is plotted

in Fig. 3. As seen in Fig. 3, the DOS distribution of
ReN,4 manifests a typical stability effect by the forma-
tion of a pseudogap, which contributes to its stability.
ReN,4 was found to exhibit a larger bulk modulus, a
larger shear modulus, and a smaller Poisson’s ratio
compared to WB4. The WB, has been demonstrated
to be a superhard material both experimentally and
theoretically.?1:26 In addition, the elastic constant cs4
of ReNy is larger than all the synthesized 5d TM ni-
trides and borides. Therefore, ReNy is expected to be
a superhard material.
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Fig. 2. Band structure of orthorhombic ReNy4. The high
symmetry k points Z, T, Y, S, X, U, and R in the figure
represent the points (0, 0, 1/2), (-1/2, 0, 1/2), (-1/2, 0,
0), (-1/2, 1/2, 0), (0, 1/2, 0), (0, 1/2, 1/2), and (—1/2,
1/2, 1/2), respectively.
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Fig. 3. Total and partial DOS of ReN4. The Fermi level
is at zero.
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4. Conclusion

The structural, elastic, and electronic proper-
ties of ReN4 have been investigated by using first-
principles calculations. All positive eigenvalues of the
elastic constant matrix show that the orthorhombic
R6N4
was found to exhibit larger bulk and shear moduli

Pbca structure of ReNy is elastically stable.

as well as a smaller Poisson’s ratio in comparison
with the synthesized superhard material WBy. The
smaller Poisson’s ratio of ReNy means stronger di-

rectional bonding in it, which partially contributes
to its high hardness. The calculated band structure
shows that ReNy is metallic and its high stability can
be attributed to the formation of a pseudogap near
the Fermi level. In addition, the elastic constant cyq4
of ReNy is the largest of the known 5d TM nitrides
and borides. So, we have good grounds for believing
that ReNy is potentially a superhard material. We
hope that our calculations can stimulate further ex-
perimental investigations on the technologically im-
portant nitrogen-rich compounds.
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