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The ground-state structure and physical
properties of RuC: first-principles calculations®
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We have extensively explored the ground-state structure of RuC using the particle swarm optimization algorithm

for crystal structural prediction.

A hexagonal R-3m structure has been proposed as the best candidate, which is

energetically more favorable than the previously proposed zinc blend structure. The R-3m-RuC possesses alternative

stacking of double hexagonal close-packed Ru atom layers and C atom layers, and it is dynamically stable evidenced

by the calculation of phonon dispersion. The calculated large bulk modulus, shear modulus, and elastic constant Caq

reveal that it is an ultra-incompressible and hard material. The evidence of strong covalent bonding of Ru-C, which

plays an important role to form a hard material, is manifested by the partial densities of states analysis.
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1. Introduction

Designing and searching for ultra-incompressible
and superhard materials are always of great scientific
interest due to their variety of industrial applications,
such as cutting tools, abrasives, oil exploitations, and
coatings. The introduction of light and covalent-bond-
forming elements (B, C, N, and O) into the tran-
sition metal (TM) lattices is expected to have pro-
found influences on their chemical, mechanical, and
electronic properties.[! =5 Based on this prospect, di-
atomic transition metal carbides (TMCs) have been
considerably investigated[®=1% for their outstanding
physical properties, such as high stiffness, high hard-
ness, high thermal conductivity, and high melting
point. It is known that these excellent properties are
of industrial interest, being properties of good candi-
dates for (super)hard materials. For example, WC,
SiC and CrC have been widely used for cutting and
shaping hard metals and ceramics. Recently, inten-
sive interest for platinum-metal (Ru, Rh, Pd, Os, Ir,
and Pt) carbides!'*=19] has re-emerged after the suc-
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cessful synthesis of PtC16=17 and the discovery of its
excellent mechanical properties.

It is known that crystal structures are the key
for the understanding of mechanical properties of ma-
terials. Most diatomic TMCs possess the NaCl-type
structure with a few exceptions (MoC and WC) that
have the WC-type structure. However, the crystal
structure of ruthenium monocarbide (RuC) is the sub-
ject of continuing debate. RuC was first empirically

thought to have a hexagonal WC-type structure,[15:19]

but later argued to adopt the NaCl-type structure."]
Recently, Zhao et al.?!) suggested that the zinc blend
RuC (ZB-RuC) was energetically most stable at the
ground state using first-principles calculations based
on the ten structures of known transition metal com-
pounds. The work of Zhao et al. is extremely impor-
tant, since this new polymorph for RuC will inevitably
advance our understanding of the ground-state struc-
ture for other platinum-metal carbides. However,
the proposed ground-state structure of RuC is based

on the knowledge of known information. There is
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a possibility that hitherto unknown structures are
more stable instead. Here, we extensively explore the
ground-state structure of RuC using a specifically de-
veloped particle swarm optimization (PSO) algorithm
for crystal structure prediction.(??! This methodol-
ogy has been successful in correctly predicting crystal
structures for various systems including elements and
compounds,?3~27] unbiased by any known informa-
tion. In the present work, a hexagonal R-3m structure
is uncovered to be the best ground-state candidate for
RuC, which possesses excellent mechanical properties.

2. Computational detail

Our PSO methodology on crystal structural pre-
diction has been implemented in the CALYPSO (crys-
tal structure analysis by particle swarm optimization)
codel?®] at 0 GPa with 1-4 formula units (f.u.) per
simulation cell. The underlying ab initio calculations
were carried out using the density functional theory
within the generalized gradient approximation, as im-
plemented in the Vienna ab initio simulation pack-
age (VASP).[29731] The electron and core interactions
were included by using the frozen-core all-electron pro-
jector augmented wave method,!3? with C: 2s?p? and
Ru: 4p®4d75s! treated as the valence electrons. To
reduce the errors, the cut-off energy for the expan-
sion of the wave function into plane waves was set
to be 500 eV in all calculations, and the Monkhorst—
Pack grid®? had a maximum spacing of 0.03 A=, In
the geometrical optimization calculations, all forces
were converged to less than 0.001 eV/A. The total
stress tensor was reduced to within 0.01 GPa. The
phonon frequency was calculated using the direct ap-
proach, which was based on first-principles calcula-
tions of Hellman—Feynman forces and the dynamical
matrix implemented in the VASP and PHONOPY
code.[4 The elastic constants were calculated by eval-
uating the stress tensor to generate a small strain.
The bulk modulus, the shear modulus, Young’s mod-
ulus and Poisson’s ratio were thus derived from the
Voigt-Reuss-Hill approximation. 3%l

3. Results and discussion

At ambient pressure, the structural simulations
predict a low-energy hexagonal R-3m structure, as
shown in Fig. 1. The R-3m structure contains six
fou. per cell with C occupying the Wyckoft 6¢ (0,

0, 0.963) sites and Ru sitting at 6¢ (0, 0, 0.771)

sites. The R-3m-RuC consists of the double hexag-
onal close-packed (hep) like Ru atom layers and the
double hexagonal close-packed C atom layers stacking
alternatively along the [001] crystal direction, reveal-
ing an intriguing C-Ru-C sandwiches stacking order.
The C-C distance of the adjacent C atom layers is
~1.40 A, which is smaller than the C—C bond length
in diamond (1.54 A) but close to the N-N single bond
observed in WNy, OsNs, and PtN;. The Ru-C bond
length in R-3m-RuC is 2.049 A and is close to those
(TM-C) in ZB-RuC (1.968 A), PtC (2.254 A), TiC
(2.159 A), VC (2.085 A), and TaC (2.177 A).[21]

Fig. 1. Crystal structure of R-3m-RuC.

To calculate the equilibrium lattice constants and
bulk modulus, the total energy is calculated by vary-
ing the volume for R-3m-RuC. The calculated E—
V data is fitted to the third-order Birch-Murnaghan
equation of state,l®®! and the obtained equilibrium
structure parameters, bulk modulus, and its pressure
derivatives are tabulated in Table 1 together with the
theoretical results of ZB-RuC for comparison. Figure
2 presents the dependences of the total energy on the
f.u. volume for R-3m-RuC and ZB-RuC. It can be
seen clearly that R-3m-RuC is energetically far more
stable than ZB-RuC, and this further confirms our
structural prediction. At zero temperature, a stable
crystalline structure requires all phonon frequencies
to be positive. Therefore, we perform the phonon
dispersion calculation for R-3m-RuC at 0 GPa, the
results are shown in Fig. 3. No imaginary phonon
frequency is found in the whole Brillouin zone, sup-

porting its dynamical stability. In order to explore
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the thermodynamic stability for experimental synthe-
sis, the formation enthalpy of R-3m-RuC with respect
to the separate phases is quantified by the reaction
route AHf = H(RuC) — H(Ru) — H(C) The AHf is the
formation enthalpy, the hexagonal Ru (space group:
P63 /mmc) and the graphite C are chosen as the ref-
erence phases. The calculated AH; per atom of R-
3m-RuC is positive (0.361 eV) at zero pressure, as ex-
pected, since the external pressure and temperature
are necessary conditions in the synthesis of transition

¢.[16,17,37]

metal carbide Therefore, high pressure and

high temperature are needed to synthesize it in actual

experiments.
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Fig. 2. The total energy versus f.u. volume for R-3m-
RuC and ZB-RuC.
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Fig. 3. Phonon dispersion curves of R-3m-RuC at 0 GPa.

Table 1. Calculated equilibrium lattice constants ag, co,
equilibrium volume Vj, bulk modulus By, and its pressure
derivative By, for R-3m-RuC and ZB-RuC.

Structure ao/A  co/A  Vo/A3 By/GPa  Bj
R-3m 2.785 18.886 21.137 285 4.987
7B 4.564  4.564  23.767 262 4.078

The mechanical properties (elastic constants,
elastic moduli, and elastic anisotropy, etc.) of ma-
terials are important for the potential technological
and industrial applications. They define the behav-
iors of the solids that undergo stress, deforms, and
then recover and return to their original shapes after
the stress ceases. We have computed the zero-pressure
elastic constants C;; of R-3m-RuC and ZB-RuC (Ta-
ble 2) by using the strain-stress method.[?3=4% Based
on the obtained elastic constants, bulk modulus B
and shear modulus G are evaluated by using the
Voigt-Reuss—Hill approximation, as shown in Table
2. Young’s modulus E and Poisson’s ratio v are de-
rived from the equations of F = 9BG/(3B + G) and
v = (3B — 2G)/(6B + 2G), respectively. The key
criterion for mechanical stability of a crystal is that
the strain energy must be positive. This means in
a hexagonal crystal that the elastic constants should
satisfy the following inequalities:[*! Cs3 > 0, Cyy > 0,
Ci2 > 0, Cyp > |012‘, (011 + 2012)033 > 20123.
From Table 2, we can see that R-3m-RuC is mechan-
ically stable. Compared to ZB-RuC, R-3m-RuC has
larger values of C1; and C33, manifesting that its a-
axis and c-axis directions are extremely stiff. More-
over, R-3m-RuC exhibits a very high bulk modulus
of 296 GPa, indicating its ultra-incompressible struc-
tural nature. It should be noted that the calculated
bulk moduli of these two structures agree well with
those obtained directly from the fitting of the third-
order Birch—Murnaghan equation of state, and this
further demonstrates the reliability of our elastic cal-
culations. For the partially covalent transition metal
based hard materials, the shear modulus is considered
a very important parameter governing the indentation
hardness. Remarkably, the calculated shear modulus
is very large, 186 GPa for R-3m-RuC. Thus, R-3m-
RuC is expected to withstand shear strain to a large
One of the
most interesting findings is that the elastic constant

extent as many known hard materials.

C44, which relates to the lattice resistance against an
applied [1120] shear deformation, is 176 GPa. Jhi et
al.*? have proved that the magnitude of the shear
modulus Cy4, rather than the bulk modulus and the
shear modulus, is a better predictor for transition
metal carbonitrides. Here, the estimated theoretical
Vickers hardness for R-3m-RuC is obtained using the
empirical G-H, and E-H, relationships proposed by
Jiang et all*? is 27.4-28.0 GPa, which is compara-
ble to the known hard materials of a-SiO (30.6 GPa)
and (-SizNy (30.3 GPa).[*4 All of these excellent me-
chanical properties have powerfully suggested that R-
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3m-RuC is an ultra-incompressible and hard material.
Therefore, further experimental studies on the struc-

tural and the mechanical properties are strongly rec-
ommended.

Table 2. Calculated elastic constants C;; (in the units of GPa), bulk modulus B, shear modulus G, Young’s modulus

E, Poisson’s ratio v, and G/B.

Structure Source C11 C1i2 Ch3 C33 Cay Ces B/GPa G/GPa E/GPa G/B v
R-3m this work 539 152 178 581 176 194 296 186 462 0.628  0.241
7B this work 351 217 82 262 76 208 0.290  0.368
theory[2l 345 216 66 259 66 0.255

The elastic anisotropy of crystals can exert great
influences on the properties of physical mechanisms,
such as anisotropic plastic deformation, crack behav-
ior, and elastic instability. The shear anisotropic fac-
tors provide a measure of the degree of anisotropy in
the bonding between atoms in different planes. For
R-3m-RuC, the shear anisotropic factors are A; =
Ay = 4044/(011 + Cs3 — 2013) = 0.921 and A3 =
4Cy4/(C11+ Co2—2C12) = 0.910, which are all smaller
than 1. This indicates that the elastic anisotropy for
the {001} shear planes between (110) and (010) direc-
tions is slightly larger than those for the {100} shear
planes between (011) and (010) directions and for the
{010} shear planes between (101) and (001) directions.
In addition, the knowledge of elastic coefficient also
provides a method to estimate the anisotropy of linear
bulk modulus. The anisotropies of the bulk modulus
along the a and the b axes with respect to the c axis
are Ap, = B,/B. =0.832 and Ap, = By/B. = 0.832
for R-3m-RuC, where B, (839 GPa), B, (839 GPa),
and B, (1009 GPa) are the bulk moduli along different
crystal axes defined as B; = «dP/di, i = a,b, and c.
Note that a value of 1.0 indicates elastic isotropy, and
any deviation from 1.0 represents elastic anisotropy.
It is interesting to note that the directional bulk mod-
ulus along the ¢ axis is larger than those along the a
and the b axes, which is consistent with the predicted
elastic constants (see Table 2).

As a fundamental parameter, the Debye temper-
ature is closely related to many physical properties of
solids, such as specific heat, dynamic properties, and
melting temperature.[45] At low temperatures, it can

sound velocity vy, as

be derived from the elastic constants using the average
h |3n
on-"]

1/3
pNa
k| 4x (M)] Y (1)

where h is the Planck constant, k is the Boltzmann
constant, N is the Avogadro number, n is the num-
ber of atoms per f.u., M is the molecular mass per
f.u., and p is the density. The average sound velocity

Vm is given by

1/2 1\

= Gew)l )
where 1 and v, are the transverse and the longitudinal
elastic wave velocities of the polycrystalline materi-
als and are given by Navier’s equation.[*6] The results
have indicated that the Debye temperature of R-3m-
RuC (688 K) is higher than that of ZB-RuC (459 K),
which may be attributed to the lower shear modulus
of ZB-RuC.[!]
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Fig. 4. Total and partial DOS of (a) R-3m-RuC and
(b) ZB-RuC at 0 GPa. Vertical dashed line is the Fermi
energy.
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To understand the mechanical properties of these
two structures on a fundamental level, the total and
the partial densities of states (DOS) are calculated and
plotted in Fig. 4, where the vertical line is the Fermi
level. Compared to the semiconducting ZB-RuC, R-
3m-RuC exhibits a clear metallic behavior, as shown
by the finite electronic DOS at the Fermi level. This is
similar to many other TM monocarbides. The typical
feature of the total DOS is the presence of so-called
pseudogap, which is considered as the borderline be-
tween the bonding and the antibonding states. It can
be seen that the calculated Fermi energy is located
above the pseudogap for R-3m-RuC, which indicates
that its bonding states are fully occupied and its an-
tibonding states are partially occupied. The partial
DOS shown in Fig. 4(a) reveals that the Ru-4d orbital
has a significant hybridization with the C-2p orbital,
indicating the strong Ru—C covalent bonding nature
within the layers. The contribution to the Fermi level
is mainly due to the 4d electrons of Ru, which is the
principal cause for the metallicity. It is not surprising
that R-3m-RuC reveals a metallic behavior, as it con-
tains Ru atom chains along the [010] crystal direction
with a Ru-Ru distance of 2.852 A compared to the
value of 2.650 A in hep-Ru.

4. Conclusion

In summary, we have predicted that RuC ener-
getically favors the hexagonal R-3m structure at the
ground state by using the developed PSO algorithm
for crystal structural predictions. The structural, me-
chanical, and electronic properties have been inves-
tigated using first-principles calculations in compari-
son with ZB-RuC. The total energy calculations re-
veal that R-3m-RuC is more energetically stable than
ZB-RuC. R-3m-RuC is an ultra-incompressible and
hard material with very high bulk modulus of 296 GPa
and hardness of 27.4-28.0 GPa, and has been demon-
strated to be dynamically stable in phonon calcula-
tions. Meanwhile, R-3m-RuC shows a certain degree
of elastic anisotropy. The density of states analysis
has unraveled the covalent bonding between Ru and
C atoms as the driving force of the high bulk modu-
lus and the high shear modulus as well as the small
Poission’s ratio. We expect that our calculations will
stimulate extensive experimental works on synthesiz-

ing this technologically important material.
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