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ABSTRACT: We present results of an unbiased structure search for stable
ruthenium silicide compounds with various stoichiometries, using a recently
developed technique that combines particle swarm optimization algorithms with
first-principles calculations. Two experimentally observed structures of ruthenium
silicides, RuSi (space group P213) and Ru2Si3 (space group Pbcn), are successfully
reproduced under ambient pressure conditions. In addition, a stable RuSi2
compound with β-FeSi2 structure type (space group Cmca) was found. The
calculations of the formation enthalpy, elastic constants, and phonon dispersions
demonstrate the Cmca-RuSi2 compound is energetically, mechanically, and
dynamically stable. The analysis of electronic band structures and densities of
state reveals that the Cmca-RuSi2 phase is a semiconductor with a direct band gap
of 0.480 eV and is stabilized by strong covalent bonding between Ru and
neighboring Si atoms. On the basis of the Mulliken overlap population analysis,
the Vickers hardness of the Cmca structure RuSi2 is estimated to be 28.0 GPa, indicating its ultra-incompressible nature.
KEYWORDS: ruthenium silicides, stoichiometries, crystal structures, mechanical properties, electronic structures, hardness

■. INTRODUCTION
Transition-metal silicides have been studied theoretically and
experimentally for a long time.1−8 The study of their
metallographic and electronic structures is particularly interest-
ing, as they can exhibit novel physical properties such as high
thermal stability, good conductivity, and low chemical
reactivity.3,4,6,7 Their stability and oxidation resistance make
these silicides excellent high-temperature structural materials,
for instance, for advanced aerospace applications.5,6 Their
relatively low electrical resistance has been utilized in
microelectronics for the development of integrated circuit
technology and design of microelectronic devices.7 Until now,
some 3d transition metal silicides,3,4,6,7 such as CrSi and MnSi,
have been studied in detail, both theoretically and exper-
imentally, whereas data on the 4d transition metal silicides is
quite limited, and some problems are still unresolved, especially
for ruthenium silicides.
The ruthenium silicides are probably the technologically

most important binary system among the 4d transition metal
silicide alloys. The silicides in the Ru−Si binary system are
promising new optoelectronic and thermoelectric materials, for

instance, as light-emitting diodes,9,10 infrared detectors,11 and
electro-optic interconnects.11 According to the Ru−Si phase
diagram,12 ruthenium and silicon form several intermetallic
compounds such as RuSi, Ru2Si, Ru2Si3, and Ru4Si3. RuSi, an
analogue of FeSi, is known to exist in two polymorphic forms,
one having the FeSi-type structure at low temperatures and the
other possessing the CsCl-type structure at high temperatures.
Buschinger et al.13 reported that a phase transition between the
two structures occurs at 1578 K, while the transition
temperature is strongly decreasing with increasing Ru excess.
Kuntz et al.14 determined the molar heat capacities of RuSi and
Ru2Si3 by differential scanning calorimetry in the temperature
range from 310 to 1080 K. The compounds Ru4Si3, RuSi, and
Ru2Si3 have been studied by Perring et al.15 using X-ray
diffraction and electron probe microanalysis. Similarly, the
enthalpies of formation for the three ruthenium−silicon
compounds have been determined. The compound Ru5Si3,
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with space group Pbam structure, which has been identified by
Engstrom16 and Weitzer et al.,17 has not been confirmed in the
redetermination of the phase diagram by Perring et al.15 This
discrepancy is most probably due to analytical problems, and
more specifically to the matrix-effect correction procedure, as
its amplitude is tightly related to the stoichiometry of the
compound. It is therefore one objective here to determine
whether such stoichiometry exists or not.
More recently, experimental and computational evidence was

provided for a new silicon-rich phase, RuSi2. The structure was
not resolved in experiment, and density functional calculations
considered three structure types found in the FeSi2
analogue.18−20 Lately, high-throughput electronic structure
calculations on transition metal silicides, restricted to known
structure types, also found RuSi2 to be stable, in the
orthorhombic β-FeSi2 structure of Cmca symmetry.21 No
independent search for potential RuSi2 structures beyond
known structure types has been performed to date, and analyses
have been restricted to the electronic structure. The goal of this
work is to address this deficiency and provide an exemplary
case study of transition metal silicides.
To find stable Ru−Si compounds that include structures that

may not have been previously observed experimentally or
computationally, we performed here a systematic study on
binary ruthenium silicides using the Crystal Structure Analysis
by Particle Swarm Optimization (CALYPSO) method in
conjunction with first-principles calculations. Following CA-
LYPSO structure searches, we selected structures on the convex
hull, or close to it, and relaxed them. These calculations
confirmed the stability of three stoichiometriesrecently
suggested RuSi2 as well as previously known RuSi and Ru2Si3.
For these compounds, we also computed their mechanical and
electronic properties. Meanwhile, we also confirmed the Ru5Si3
compound is not energetically stable in the ground state and at
atmospheric pressure.

■. COMPUTATIONAL METHODS
The structure searches in the Ru−Si binary system at atmospheric
pressure are based on the particle swarm optimization algorithm in
conjunction with ab initio total energy calculations as implemented in
CALYPSO code,22−28 which requires only the chemical compositions
under the given conditions. Our structural searches with system sizes
containing one to four formula units (f.u.) per simulation cell were
performed for stoichiometries RumSin spanning from Ru3Si to RuSi3. In
each search, the first generation of structures is produced randomly
and subsequently optimized. Each generation contains 30 structures.
For the next generation, 60% of the structures are generated from the
lowest-enthalpy structures provided by the previous generation,
evolved using particle swarm optimization, while 40% will be
generated randomly. We usually followed 50 generations to achieve
convergence of the sampling of the low-energy minima in configura-
tional space. Next, among the 1000−1500 structures, the top 50 low-
lying structures are collected as candidates for the lowest-energy
structure. Those structures with energy difference from the lowest-
lying structures less than 0.5 eV (usually ∼20) are further optimized to
identify the lowest-energy structure.

All structural relaxations and electronic structure calculations were
performed using density functional theory within the Perdew−Burke−
Ernzerhof (PBE) generalized gradient approximation functionals,29 as
implemented in the CASTEP code.30 The ultrasoft pseudopotentials
treat 4d75s1 and 3s23p2 as the valence electrons for the Ru and Si
atoms, respectively. A cutoff energy of 500 eV for the expansion of the
wave function into plane waves and appropriate Monkhorst−Pack k
meshes were chosen to ensure that enthalpy calculations were well-
converged to better than 1 meV/atom.31 During the structural
optimization, all atoms were fully relaxed using the conjugate gradient
method until the total energy changes, force, and atomic displacement
were less than 5.0 × 10−6 eV/atom, 0.01 eV/Å, and 0.0005 Å,
respectively. The phonon dispersion calculations were performed by
using a supercell approach as implemented in the PHONOPY
code.32,33

■. RESULTS AND DISCUSSION
In the first instance, structure searches were performed using
one to six formula units of ruthenium and silicon at
atmospheric pressure. Noticeably, our structure searches
succeed in finding the well-known hexagonal P63/mmc

Table 1. Structural Parameters a, b, and c, Cell Volume per Formula Unit (V), Total Energies per Atom E, and Formation
Enthalpies per Atom ΔH for the Phases with the Least Formation Enthalpy of Each Components of Ru−Si System, Compared
with Experimental and Theoretical Data

space group a (Å) b (Å) c (Å) V (Å3) E (eV) ΔH (eV)

Ru3Si I4/mcm 5.394 5.394 5.394 108.079 −1978.74 −0.174
Ru5Si2 P63cm 7.099 7.099 12.975 566.245 −1889.69 −0.235
Ru2Si Pnma 5.295 4.017 7.447 158.390 −1771.05 −0.399

5.287a 4.005a 7.413a 156.966a

Ru5Si3 Pbam 5.269 9.843 4.036 209.318 −1667.15 −0.452
Ru3Si2 Cmc21 8.756 8.756 7.280 554.659 −1604.62 −0.298
Ru4Si3 Pnma 5.215 4.021 17.266 362.002 −1533.58 −0.548

5.187a 4.021a 17.128a 357.237a

RuSi P213 4.727 4.727 4.727 105.629 −1355.47 −0.653
4.750b 4.750b 4.750b 107.138b

4.701c 4.701c 4.701c 103.863c

Ru3Si4 Pnma 19.935 3.016 6.218 388.946 −1177.16 −0.554
Ru2Si3 Pbcn 11.114 8.990 5.555 555.022 −1105.96 −0.637

11.052a 8.937a 5.525a 545.714a

11.057d 8.934d 5.538d 547.060d

RuSi2 Cmca 10.168 8.107 8.209 676.650 −939.54 −0.552
10.223e 8.133e 8.250e 685.935e

RuSi3 Pnma 14.927 2.883 5.926 255.048 −731.19 −0.115
aReference 15. bReference 36. cReference 37. dReference 11. eReference 20.
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structure of Ru and cubic Fd3̅m structure of Si observed in
experiments under ambient conditions,34,35 thus providing
important support for the reliability of the present structure
searches. Table 1 summarizes the formation enthalpies of the
binary Ru−Si system. The formation enthalpies were calculated
as ΔH = [E(RumSin) − mE(Solid Ru) − nE(Solid Si)]/(m + n).
ΔH is then the relative formation enthalpy per atom of a
compound of this stoichiometry, E(RumSin) is the total energy/
formula unit of the compound, E(Solid Ru) and E(Solid Si) are
the equilibrium energies of pure Ru and Si at the ground
state34,35 (using their hexagonal P63/mmc and cubic Fd3 ̅m
phases, respectively), and m and n are the number of Ru and Si
atoms for a system, respectively. Uncertainties in ΔH should be
dominated by the density functional theory error (i.e., the
approximation of the exchange-correlation energy). However,
the PBE functional can describe the types of metallic and
covalent bonding seen in the Ru−Si compounds very well and
should thus provide reliable values for ΔH across the binary
phase diagram. A compound is stable if it satisfies three
prerequisites: (1) a lower enthalpy than any isochemical
mixture of the elements or other compounds, that is, negative
formation enthalpy; (2) thermodynamic stability when
competing with its two nearest neighboring compositions;
and (3) mechanical and dynamic stability via elastic constants
and phonon dispersions.
Conditions (1) and (2) can be summarized quite concisely in

so-called convex hull (or tieline, or global stability line) plots.
Therefore, we plot ΔH(RumSin) as defined above versus the
mixing ratio (or, in this case, the silicon content) n/(m + n).
The convex hull of these points then connects the phases with
the lowest formation enthalpies among all compositions, and
any phases lying exactly on the convex hull are deemed as
energetically stable, both against decomposition into the
elements and into any combination of other binary compounds.
Of course, structures whose enthalpies remain above the
convex hull would be thermodynamically metastable and
perhaps can be synthesized under particular conditions. The
convex hull for the Ru−Si system at atmospheric pressure is
shown in Figure 1. From Figure 1, it can clearly be seen that

three compositions are stable: RuSi, Ru2Si3, and RuSi2. The
detailed structural parameters of the predicted phases of RumSin
are listed in Tables S1 and S2 of the Supporting Information.
In good agreement with the experimental findings, our

theoretical calculations reproduced successfully the experimen-
tally observed structures and compositions for both RuSi
(Figure 2a) and Ru2Si3 (Figure 2b).15 RuSi is found to

crystallize in the cubic P213 ground-state phase with a
formation enthalpy of 23 meV per atom lower than the
Pm3 ̅m phase. Ru2Si3 has an orthorhombic Pbcn ground state,
which is lower, by 21 meV, than that of the P4 ̅c2 phase. Spin-
polarized calculations further revealed that both the RuSi and
Ru2Si3 compounds are nonmagnetic. Noticeably, we find
another compound that is more Si-rich than RuSi and Ru2Si3.
RuSi2 crystallizes in the FeSi2 structure type, in an
orthorhombic Cmca structure (Figure 2c). The unit cell is
composed of 48 atoms. Si atoms take the Wyckoff 16g
positions (0.372, 0.277, 0.443) and (0.127, 0.051, 0.276). Ru
atoms occupy two nonequivalent sites in this structure, the
Wyckoff 8d (0.215, 0, 0) and 8f (0, 0.188, 0.818) positions. The
structure consists of a three-dimensional network of edge-
sharing distorted SiRu4 tetrahedra (see Figure 2d). Conversely,
Ru atoms are coordinated to eight Si atoms, forming a caged
distorted tetragonal prism (Figure 2e). The shortest bond
length of 2.452 Å is marginally larger than the sum of the
covalent radii of Ru (r = 1.25 Å) and Si (r = 1.11 Å), indicating
covalent bonding contributions. Additionally, we also suc-
ceeded in finding another composition, Ru5Si3 with space group
Pbam, at 38 meV per atom above the convex hull and thus
metastable, which explains why the Ru5Si3 compound was not
observed in the differential thermal analysis, X-ray diffraction,
and electron microprobe investigations by Perring et al.15

To verify the mechanical stability of the three ruthenium
silicides, we calculated the elastic constants of RuSi (P213),
Ru2Si3 (Pbcn), and RuSi2 (Cmca), using the strain−stress
method.38 The full elastic stiffness constants of the three phases
are given in Table S3 of the Supporting Information. It can be
seen from Table S3 that all three ruthenium silicides fulfill their
respective mechanical stability criteria.39 The value of C22 for
the Cmca structure of RuSi2 is larger than C11 and C33, revealing
that this polymorph is more difficult to be compressed along
the b-axis than the a- and c-axes. The stability of the three
ruthenium silicides is also confirmed through the calculations of
the phonon dispersion curves, as there are no imaginary
phonon frequencies detected in the whole Brillouin zone, see
Figure 3.
Figure 4 shows electronic densities of states, both total

(TDOS) and projected (PDOS) onto atomic orbitals, for the
three stable ruthenium silicides (RuSi, Ru2Si3, and RuSi2). It

Figure 1. Convex hull of the Ru−Si system at atmospheric pressure.
The solid line denotes the ground-state convex hull.

Figure 2. Crystal structures of (a) P213-RuSi, (b) Pbcn-Ru2Si3, and (c)
Cmca-RuSi2. (d, e) The coordination environment of Si and Ru,
respectively. The red and green spheres represent ruthenium and
silicon atoms, respectively, and SiRun polyhedra are shaded in all
phases.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b08807
ACS Appl. Mater. Interfaces 2015, 7, 26776−26782

26778

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b08807/suppl_file/am5b08807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b08807/suppl_file/am5b08807_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b08807/suppl_file/am5b08807_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b08807


can be seen clearly that the three compounds are semi-
conducting. This is corroborated by the electronic band
structures, shown in Figure 5. The fundamental band gaps
(indirect in P213-RuSi and direct in Pbcn-Ru2Si3 and Cmca-
RuSi2) are 0.275, 0.564, and 0.48 eV, respectively, which is in
good agreement with the experimental measurements and
relevant theoretical calculations.11,21,40−47 The TDOS and
PDOS can be divided into three regions. First, in the low-
energy region of −13.0 to ca. −7.0 eV, the TDOS is dominated
by the Si-3s state. Second, in the region of the valence band
(from −7.0 eV to the valence band maximum) the TDOS
originates from mixing of Ru-4d and Si-3p states. Finally, the
conduction band (below 6.5 eV) is dominated by unoccupied
Si-3p and Ru-4d states. It is worth mentioning that the
significant hybridization effects between Si-3p and Ru-4d states
on either side of the band gap indicate that strong Ru−Si
covalent bonding exists in all stable Ru−Si compounds.
Interestingly, there is a strong peak at −2.43 eV for the Cmca
structure of RuSi2, indicating a stronger localization of 4d
electrons than the other, more Ru-rich phases. The strong
covalent bonding between Ru and neighboring Si atoms can
also be be seen from the electron localized function (ELF), as

shown in Figure 6. ELF reaches maxima of 0.800 along the
nearest-neighbor Ru−Si connections.

On the basis of the large shear modulus G and the small
values for the B/G ratio and Poission’s ratio ν (see Table S3),
as well as the strong covalent bonding, the RuSi2 (Cmca) phase
can be considered as a potential semiconductor material with
high hardness. We now explore further the hardness for the
three ruthenium silicides using the microscopic hardness model
proposed by Gao et al.48,49 The Vickers hardness of complex
crystals can be calculated by the following formula:

∏ ν=
μ

μ μ − Σμ μ
H P[ (699 ( ) ) ]v b

n n5/3 1/
(1)

where

ν = Σμ μ ν νd d N( ) / [( ) ]b b
3 3

(2)

where μ labels all different types of covalent bonds in the
system, Pμ is the Mulliken overlap population of the μ type
bond, νb

μ is its volume, nμ is the number of μ type bonds, dμ is
its bond length, and Nb

ν is the bond number of type μ per unit
volume. Using the above simple empirical hardness formula, the
Vickers hardness of the three ruthenium silicides was calculated.
The calculated results are summarized in Table 2. To
benchmark our hardness calculations, we compare the
calculated hardness value of Si with the experimental result.50

The predicted hardness of silicon is in good agreement with the
experimental value. According to our calculations, the hardness

Figure 3. Phonon dispersions for (a) P213-RuSi, (b) Pbcn-Ru2Si3, and
(c) Cmca-RuSi2.

Figure 4. Total and partial densities of (a) P213-RuSi, (b) Pbcn-Ru2Si3,
and (c) Cmca-RuSi2.

Figure 5. Band structures for (a) P213-RuSi, (b) Pbcn-Ru2Si3, and (c)
Cmca-RuSi2.

Figure 6. ELF maps of the Cmca-RuSi2 phase.
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values of P213-RuSi, Pbcn-Ru2Si3, and Cmca-RuSi2 crystals are
12.3, 19.2, and 28.0 GPa, respectively. This suggests that the
hardness values increase with the increasing Si content, and all
compounds are significantly harder than pure Si. Generally
speaking, the origin of differences in hardness is related not
only to the strengths of individual Si−Si and Ru−Si covalent
bonds but also to the orientation of bonds, especially for bonds
between layers. The difference in hardness between pure Si and
the three compounds can be attributed not only to the Si
concentration, but also to modifications in the chemical
bonding between the Ru and Si atoms. With increasing Si
concentration, the bond length of the Si−Si covalent bond
decreases, while all along remaining longer than in pure Si.
Thus, the trends in hardness in the three compounds are likely
compounded by strong Ru−Si covalent interactions and
modified Si−Si interactions. It is found that the hardness of
the Cmca phase RuSi2 approaches that of WC (30.0 GPa),51

which suggests that the RuSi2 compound is indeed a promising
hard semiconducting material at ambient conditions.

■. CONCLUSION
In summary, using the particle swarm optimization algorithm in
combination with first-principles electronic calculations, we
explored the binary ruthenium silicide phase diagram. Under
ambient conditions, a new potentially ultra-incompressible
material of RuSi2 with the space group of Cmca (FeSi2 structure
type) was discovered. The orthorhombic Cmca structure of
RuSi2 is mechanically and dynamically stable, as determined by
calculating elastic constants and phonon dispersions, respec-
tively. Additionally, the calculated electronic band structure and
density of states suggest that RuSi2 is a small-gap semi-
conductor. Our analyses show that its bonding nature can be
described as covalent-like due to the hybridization of Si-3p and
Ru-4d states, which is also verified by the electron localized
function. Its Vickers hardness value based on the Mulliken
overlap population analysis reaches 28.0 GPa, demonstrating
the Cmca-RuSi2 crystal is a semiconducting material with
potential high hardness under atmospheric pressure. The
current theoretical predictions will most likely promote further
experimental and theoretical studies on the ruthenium silicides.
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