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Structure and electronic properties of RuSi, OsSi, RhSi, ReSi and IrSi
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RuSi, OsSi, RhSi, ReSi and IrSi in different phases have been investigated by means of ab initio techniques within the hybrid functional. RuSi and
OsSi have the cubic (space group P213, #198) structure and display semiconducting properties, while the conducting high-temperature cubic
phase (space group Pm3m, #221) is sizably higher in energy. The ground state for RhSi and IrSi is the orthorhombic (space group Pnma, #62)
structure, while for ReSi it is monoclinic (space group P21/c, #14) with the cubic phase (space group P213, #198) to be higher in total energy. The
Dirac nodes and cones as well as crossing bands with linear dispersion are found for RhSi, ReSi and IrSi in the orthorhombic phase. These
monosilicides in the monoclinic phase can be viewed as gapless semiconductors except for IrSi with the band gap of 0.23 eV.
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1. Introduction

Monosilicides CrSi, MnSi, FeSi, CoSi, RuSi, OsSi, RhSi and
ReSi crystalize in the cubic structure (space group P213,
#198) displaying a variety of properties.1,2) CrSi is a
paramagnetic metallic material with low resistivity3) having
holes as main carriers.4,5) Additionally, a large positive
magnetoresistance and competing ferromagnetic and anti-
ferromagnetic correlations have also been reported for this
material.4) MnSi s a chiral helimagnetic material and
characterizes by interesting magnetic properties originated
from a magnetic skyrmion state due to the Dzyaloshinskii–
Moriya interaction of Mn magnetic moments in a spiral
way.6,7) In the case of FeSi, a metal–insulator transition from
a narrow-gap semiconductor (0.05–0.1 eV as estimated from
resistivity and optical measurements) to a weak metal is
revealed at about 200 K.8–11) CoSi and RhSi can be viewed
as chiral Weyl semimetals with topological non-trivial
electronic states hosting unconventional multifold
Fermions.12–17) RuSi and OsSi are semiconductors with the
experimentally determined band gaps of 0.2–0.4 eV.18–21) At
the same time little is known about the properties of ReSi
due to its peritectic formation in a narrow temperature range
of ∼1680 °C–1880 °C.22)

Ab initio calculations performed for CrSi within the local
density and generalized gradient approximations revealed
conducting properties since the Fermi level crossed some
bands.23,24) The features in the band structure of MnSi were
traced by means of density functional theory paired with
dynamical mean-field theory to treat a highly correlated
system indicating the multi-sheet Fermi surface and the
appearance of small magnetic moments on Mn atoms.25)

Nonmagnetic FeSi, RuSi and OsSi were intensively inves-
tigated by different ab initio techniques within the local
density or generalized gradient approximation and also
involving modified Becke–Johnson exchange potential26–33)

demonstrating the indirect band-gap nature of these com-
pounds in addition to the loops of extrema both in the
valence and conduction bands near the Γ point.26) Moreover,

the corresponding bad-gap values were estimated in the
range of 0.13–0.38 eV, 0.21–0.48 eV and 0.33–0.74 eV for
FeSi, RuSi and OsSi, respectively.26–33) CoSi and RhSi were
found to have a threefold degeneracy at the Γ point near the
Fermi level leading to a threefold fermion34) as determined
by results of ab initio calculations and high-resolution angle-
resolved photoemission spectroscopy. ReSi can be consid-
ered both as a metal and as a degenerate semiconductor
because the Fermi level crosses some bands ∼1 eV below the
gap.35)

It should be mentioned here that these monosilicides are
characterized not only by the cubic structure (space group
P213, #198). In fact, a monoclinic lattice (space group P21,
#4), being structurally very close to the cubic one, has been
recently theoretically predicted by means of ab initio
calculations with a hybrid functional and experimentally
confirmed by high-resolution transmission electron micro-
scopy to be the ground state of CrSi36,37) and FeSi.38) The
appearance of the monoclinic phase of CrSi and FeSi could
help in explaining holes as the main charge carriers for
CrSi due to some features in band dispersion near the
Fermi level36) and shed some light on the metal–insulator
transition for FeSi since the cubic and monoclinic phases
are semiconducting and conducting, respectively,38) in
addition to some issues connected to the appearance of
the magnetic ordering.37,38) In the case of RuSi and OsSi
another cubic phase (space group Pm3m, #221) has been
found (known as a high temperature phase18,39–45)) in
which these monosilicides are conductors.40–45) RhSi can
also have an orthorhombic structure (space group Pnma,
#62)39,46) and display a symmetry-protected Dirac nodal
line and symmetry-enforced Dirac nodes.47) Moreover,
RhSi in a monoclinic phase (space group P21/c, #14) is
reported to exist39,48) but there is no information on
properties of this phase.
The aim of this paper is to trace changes in the total

energies of RuSi, OsSi, RhSi and ReSi in different phases
and in their band structures primarily focusing on the issues
related to Dirac and Weyl features by applying ab initio
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techniques within a hybrid functional. In addition, IrSi in
cubic and monoclinic phases are considered in comparison
with the orthorhombic ground state.

2. Details of calculations

The full structural optimization (both lattice parameters and
atomic positions) followed by band-structure calculations for
RuSi, OsSi, RhSi, ReSi and IrSi in different phases were
performed by the first principles total energy projector-
augmented wave method (code VASP)49–52) within the
screened hybrid functional of Heyd, Scuseria, and
Ernzerhof (HSE) known as HSE0653–56) with the standard
settings for the screening and Hartree–Fock mixing para-
meters (the 0.25 fraction of the exact exchange). The energy
cutoff was set to 350 eV for all compounds. For the self-
consistent procedure fine meshes of Monkhorst–Park points
were implemented: 13× 13× 13 for the cubic (space group
Pm3m, #221) phase, 9× 9× 9 for the cubic (space group
P213, #198) phase, 7× 7× 7 for the monoclinic (space
group P21, #4) phase, 7× 7× 7 for the monoclinic (space
group P21/c, #14) phase and 7× 9× 5 for the orthorhombic
(space group Pnma, #62) phase to reach the convergence of
the total energy less than 0.001 eV per formula unit. The
atomic relaxation was stopped when the forces acting on
atoms became smaller than 0.001 eV Å−1. The total density
of states was calculated by implementing the tetrahedron
method with Blöchl corrections.

3. Results and discussion

The unit cells of RuSi, OsSi, RhSi, ReSi and IrSi in different
phases (namely, cubic with space groups P213, #198 and
Pm3m, #221, orthorhombic with space group Pnma, #62,
monoclinic with space group P21/c, #14) are shown in Fig. 1.
It should be noted here that after the full structural
optimization all these monosilicides in the monoclinic crystal
structure (space group P21, #4) converged to the cubic one
(space groups P213, #198). This issue can be explained by
the fact that RuSi, OsSi, RhSi, ReSi and IrSi are nonmag-
netic materials, while the monoclinic P21, #4 crystal struc-
ture is typical of CrSi and FeSi exhibiting the antiferromag-
netic ordering.36–38) There is rather good agreement between
the calculated lattice parameters and experimentally deter-
mined ones (Table I). In general, the theoretically estimated
lattice parameters are slightly smaller than the experimental
ones. But if one makes a correction for the thermal expansion
coefficient (usually experimental data are obtained at room
temperature whereas theoretical estimates at zero tempera-
ture) for these monosilicides the agreement becomes even
better.
The other issue worthwhile to be discussed is a difference

in the total energy of various phases of RuSi, OsSi, RhSi,
ReSi and IrSi (Table II). For RuSi and OsSi it is evident that
the cubic P213, #198 phase is the ground state followed by
the cubic Pm3m, #221 phase (high-temperature phase39–45))
while the orthorhombic Pnma, #62 and monoclinic P21/c,
#14 phases are sizably higher in energy. For RhSi the
orthorhombic Pnma, #62 is the ground state followed by
the monoclinic P21/c, #14 phase, which is turned out to be
more stable than the cubic P213, #198 one, while the cubic
Pm3m, #221 phase is higher in energy. Our results indicate
that the appearance of RhSi in the monoclinic structure

should not come as a surprise. In the case of ReSi we have
found the monoclinic P21/c, #14 phase to be the ground state
while the orthorhombic Pnma, #62 one is just slightly higher
in energy. From the other side, the cubic P213, #198 phase of
ReSi is the least stable one. It is not excluded that ReSi in the
orthorhombic and monoclinic phases could be formed as
ultrathin films and precipitates stabilized by low interface
energy with a substrate, while a bulk-like form of ReSi can
exist at high temperatures.22) The ground state for IrSi is
confirmed to be the orthorhombic Pnma, #62 phase followed
by the monoclinic P21/c, #14 phase. It is possible that the
metastable monoclinic phase of IrSi could also be stabilized
in the form of ultrathin films and precipitates. IrSi in any of
the cubic phases is clearly higher in energy. The full
structural optimization also revealed that the variation in
the interatomic distances of the first neighbors (between
metal and silicon atoms) differs differently for RuSi, OsSi,
RhSi, ReSi and IrSi having the same structure (Table II).
This is more pronounced for the orthorhombic, monoclinic
and cubic cubic P213, #198 phases and can affect electronic
properties of these monoslicides.
For all the investigated monosilicides we did not find the

appearance of magnetic moments on metal atoms indicating
nonmagnetic ordering. RuSi and OsSi in the cubic P213,
#198 phase display semiconducting properties (see Fig. 2) in
accordance with the experimental data.18–21) The band
dispersion with multiple extrema both in the top valence
band and in the bottom of the conduction band (along Γ–R,
Γ–X, Γ–M) forming loops of extrema are evident being in
prefect agreement with previous theoretical results.26–33)

Such loops of extrema are not unique for silicides. They
were previously observed for Ca3Si4.

59) The hybrid func-
tional sizably overestimates the band gaps (0.78 eV for RuSi
and 1.17 eV for OsSi) as compared to the experimentally
determined ones of 0.2–0.4 eV.18–21) This issue is also
typical of isostructural FeSi38) and quasi-particle calculations
within the GW approximation are necessary to provide a
reasonable comparison with the experimental data.
For the cubic Pm3m, #221 phase we confirm the con-

ducting properties40–45) because the Fermi level crosses
some bands (Fig. 2). The most striking feature in the band
topology is the appearance of linear band dispersion with
crossing bands at 0.5× R–M just 0.3 eV (for RuSi) and
0.4 eV (for OsSi) below the Fermi level. It is not excluded
that the Dirac cone is formed here that requires further
investigation.
The band structures of RhSi and IrSi in the cubic P213,

#198 phase (which can be viewed as chiral Weyl semime-
tals) display a threefold degeneracy at the Γ point near the
Fermi level, while cubic ReSi does not possess similar band
dispersion displaying instead p-type degenerate semicon-
ducting properties (Fig. 3). A detailed view of the topolo-
gical features in the band dispersion near the Γ point is
shown in Fig. 4. The calculated band structures are similar to
those presented in Refs. 34, 35, 60.
RhSi, ReSi and IrSi in the orthorhombic Pnma, #62 phase

are characterized by conducting properties. Moreover, sev-
eral specific peculiarities in their band structures such as
Dirac nodes, cones and crossing bands at various k-points of
the Brillouin zone can be spotted near the Fermi energy. In
fact, the features at the S, R, Y points for all these
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monosilicides in addition to the ones at 0.5× Γ–Y direction
(for RhSi and IrSi) and at 0.5×X–Γ (for ReSi) should be
further investigated in detail to clarify the exact nature of
these peculiarities. It should be noted that similar features
were earlier observed for the orthorhombic rhodium47) and
iridium61) monosilicides.

RhSi, ReSi and IrSi in the monoclinic P21/c, #14 phase do
not have any feature related to the linear band dispersion
near the Fermi level (Figs. 2 and 3). RhSi and ReSi can be
viewed as gapless semiconductors with holes as main charge
carries since the Fermi level mostly stays in the valence
band, while the gap of 0.23 eV is found for IrSi. To assure

Fig. 1. Crystal structures (unit cells) of different phases of RuSi, OsSi, RhSi, ReSi and IrSi. The corresponding numbers of space groups and
crystallographic axes are indicated. Large, brown spheres stand for metal atoms while small, blue spheres—for silicon atoms.

Table I. Comparison between theoretical results (this work) and experimental data on the lattice parameters of RuSi, OsSi, RhSi, ReSi and IrSi in different
phases.

Phase a b c β
(Å) (Å) (Å)

RuSi Theory #198 4.6792 — — —
Experiment39) 4.7006 — — —
Theory #221 2.9014 — — —
Experiment39) 2.9125 — — —

OsSi Theory #198 4.73652 — — —
Experiment39) 4.72769 — — —
Theory #221 2.9267 — — —
Experiment57) 2.96 — — —

RhSi Theory #198 4.66115 — — —
Experiment39) 4.67638 — — —
Theory #62 5.52644 3.04320 6.38149 —
Experiment39) 5.5526 3.06894 6.3740 —
Theory #14 4.56937 4.54233 5.52156 115.63°
Experiment39) 4.5892 4.5728 5.5241 116.214°

ReSi Theory #198 4.75138 — — —
Experiment58) 4.775 — — —

IrSi Theory #62 5.56765 3.14216 6.37435 —
Experiment39) 5.5460 3.21505 6.2576 —
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that we did not miss any band extrema points when
calculating the band structure, the total density of states
was calculated on a dense mesh of k-points indicating the
gap of ∼0.23 eV (see Fig. 5). We also checked how the
fraction of the exact exchange in Hartree–Fock mixing
affected the gap by changing it from the standard 0.25

down to 0.17, to 0.08, and eventually to 0, since for α-SrSi2
it was shown the fraction of 0.187 to be necessary in order to
reproduce the experimentally measured gap.62) In our case
the gap of 0.10 eV is found for the fraction of 0.17, while the
band-gap collapse is already observed at the fraction of 0.08.
The quasi-particle calculations within the GW approximation

Fig. 2. Band structures of RuSi and OsSi in the cubic P213, #198 and Pm3m, #221 structures. Zero at the energy scale corresponds to the top of the
valence band (the cubic P213, #198 phase) or to the Fermi energy (the cubic Pm3m, #221 phase). The coordinates of the high-symmetry points in the
reciprocal space are: Γ (0 0 0), X (0.5 0 0), M (0.5 0.5 0), R (0.5 0.5 0.5).

Table II. Lattice parameters, metal (Me)–silicon interatomic distances, and the differences in the total energy for different phases of RuSi, OsSi, RhSi, ReSi
and IrSi.

Phase a b c β Me–Si ΔE
(Å) (Å) (Å) (Å) (eV/f.u.)

RuSi #198 4.6792 — — — 2.36 3 × 2.40 3 × 2.68 0.000
#14 4.5813 4.5869 5.3667 115.87° 2.41 2.42 2.44 2.48 2.50 2.55 0.224
#62 5.7506 2.9293 6.2674 — 2 × 2.43 2.44 2 × 2.45 2.46 0.276
#221 2.9014 — — — 8 × 2.51 0.060

OsSi #198 4.73652 — — — 2.36 3 × 2.40 3 × 2.76 0.000
#14 4.56495 4.59414 5.45664 112.56° 2 × 2.43 2 × 2.47 2.53 2.54 0.124
#62 5.89206 2.90558 6.29038 — 2 × 2.42 2.45 2 × 2.48 2.55 0.129
#221 2.9267 — — — 8 × 2.53 0.110

RhSi #198 4.66115 — — — 3 × 2.46 2.50 3 × 2.53 0.071
#14 4.56937 4.54233 5.52156 115.63° 2.38 2.41 2.43 2.45 2.51 2.57 0.030
#62 5.52644 3.04320 6.38149 — 2 × 2.39 2.40 2.47 2 × 2.50 0.000
#221 2.9391 — — — 8 × 2.55 0.748

ReSi #198 4.75138 — — — 2.38 3 × 2.49 3 × 2.68 0.499
#14 4.57828 4.63979 5.59878 114.68° 2.43 2.47 2.51 2.52 2.59 2.60 0.000
#62 5.70092 3.08517 6.33462 — 3 × 2.48 2 × 2.51 2.54 0.069
#221 2.9587 — — — 8 × 2.56 0.340

IrSi #198 4.72396 — — — 3 × 2.47 3 × 2.53 2.68 0.227
#14 4.62483 4.54318 5.68600 114.01° 2.39 2.42 2.44 2.46 2.52 2.69 0.076
#62 5.56765 3.14216 6.37435 — 2 × 2.40 2.43 2.47 2 × 2.56 0.000
#221 2.9795 — — — 8 × 2.58 1.083
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Fig. 3. Band structures of RhSi, ReSi and IrSi in the cubic P213, #198, monoclinic P21/c, #14 and orthorhombic Pnma, #62 structures. Zero at the
energy scale corresponds to the Fermi energy (except for the IrSi orthorhombic phase where it indicates the top of the valence band). The coordinates of
the high-symmetry points in the reciprocal space are: Γ (0 0 0), X (0.5 0 0), M (0.5 0.5 0), R (0.5 0.5 0.5) for the cubic phase, X (0.5 0 0), S (0.5 0.5
0), R (0.5 0.5 0.5), U (0.5 0 0.5), Γ (0 0 0), Y (0 0.5 0), T (0 0.5 0.5), Z (0 0 0.5) for the orthorhombic phase and M (0.5 0.5 0.5), Z (0 0 0.5), Γ (0 0
0), X (0.5 0 0), B (0.5 0.5 0), Y (0 0.5 0) for the monoclinic phase.

Fig. 4. A detailed view of the band structures of RhSi, ReSi and IrSi in the cubic P213, #198, monoclinic P21/c, #14 and orthorhombic Pnma, #62
structures near the Fermi level. Zero at the energy scale corresponds to the Fermi energy (except for the IrSi orthorhombic phase where it indicates the
top of the valence band). The coordinates of the high-symmetry points in the reciprocal space are: Γ (0 0 0), X (0.5 0 0), M (0.5 0.5 0), R (0.5 0.5 0.5)
for the cubic phase, X (0.5 0 0), S (0.5 0.5 0), R (0.5 0.5 0.5), U (0.5 0 0.5), Γ (0 0 0), Y (0 0.5 0), T (0 0.5 0.5), Z (0 0 0.5) for the orthorhombic
phase and M (0.5 0.5 0.5), Z (0 0 0.5), Γ (0 0 0), X (0.5 0 0), B (0.5 0.5 0), Y (0 0.5 0) for the monoclinic phase.
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are desirable to assess the band-gap value in monoclinic IrSi.
To this end, by taking into account that all considered
monosilicides can be viewed as highly correlated systems, at
least the onsite Hubbard-U correction should be applied to
the d states of metal atoms to investigate electronic proper-
ties of these compounds in close comparison with experi-
mental data.

4. Conclusions

We investigated the band structures of RuSi, OsSi, RhSi,
ReSi and IrSi in different phases in order to trace features
related to the linear band dispersion (Dirac nodes, cones and
crossing bands). RuSi and OsSi in the cubic P213, #198
phase are found to be the ground state. They display
semiconducting properties with the loops of extrema in the
top valence band and in the bottom conduction band. Their
high-temperature cubic Pm3m, #221 phase is higher in total
energy and possesses the conducting properties with some
crossing bands having the linear band dispersion. We cannot
confirm the presence of Dirac cones and this issue requires
further investigation. For RhSi, ReSi and IrSi the cubic P213,
#198 phase was revealed to be higher in energy than the
monoclinic P21/c, #14 and orthorhombic Pnma, #62 phases.
All monosilicides in the orthorhombic phase contain features
in their band structures related to Dirac nodes, cones and
crossing bands with the linear dispersion, while the mono-
clinic phase can be viewed as gapless semiconductors (only
for IrSi the appearance of the band gap of 0.23 eV is
predicted) without mentioned above topological features.
RhSi and IrSi in the cubic P213, #198 phase are found to
have a threefold degeneracy at the Γ point near the Fermi
level like in chiral Weyl semimetals contrary to cubic ReSi
which is more likely a p-type degenerate semiconductor.
One possible way to modify the properties of the mono-

silicides is the formation of ternary compounds with two
metal atoms having different number of the valence electrons
(7—for Re, 8—for Ru and Os, 9—for Rh and Ir). In this case
it is feasible to tune the energy position of the Fermi level by
moving it closer to the topological features.
The importance of the spin–orbit coupling for the com-

pounds containing 5d elements on the band dispersion can be
essential and should be further taken into consideration when
studying topological features in the electronic structure of
OsSi, ReSi and IrSi.
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