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First-Principles Study of Structural, Elastic and Electronic Properties of OsSi
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Abstract First-principles study of structural, elastic, and electronic properties of the B20 structure OsSi has been
reported using the plane-wave pseudopotential density functional theory method. The calculated equilibrium lattice and
elastic constants are in good agreement with the experimental data and other theoretical results. The dependence of
the elastic constants, the aggregate elastic modulus, the deviation from the Cauchy relation, the elastic wave velocities
in different directions and the elastic anisotropy on pressure have been obtained and discussed. This could be the
first quantitative theoretical prediction of the elastic properties under high pressure of OsSi compound. Moreover, the
electronic structure calculations show that OsSi is a degenerate semiconductor with the gap value of 0.68 eV, which is
higher than the experimental value of 0.26 eV. The analysis of the PDOS reveals that hybridization between Os d and

Si p states indicates a certain covalency of the Os-Si bonds.

PACS numbers: 62.20.D-, 71.20.Nr, 71.15.Mb
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1 Introduction

Semiconducting transition metal silicides are a very
important class of semiconductors, which are considered
to be promising for photoelectronic and thermoelectric ap-
plications. As one of the narrow band gap semiconduct-
ing monsilicides, OsSi has attracted considerable attention
due to its practical importance in new silicon-compatible
devices.[!] Therefore, the knowledge of its elastic and elec-
tronic properies is very useful from the point of view of
device application.

Powder diffraction experiment!?) showed that OsSi
forms in a peritectic reaction at 1730 °C, just below the
liquidus curve of the system. In addition the thermo-
electric and magnetic properties of OsSi both below and
above room temperature has been investigated. Liu et
al.l3! found the phase diagrams and thermodynamic prop-
erties of the Os-Si system using the CALPHAD technique.
Bond distance, vibrational frequency, electron affinity,
ionization potential, dissociation energy, and dipole mo-
ment of OsSi molecule in neutral, positively, and nega-
tively charged ion were studied using the density func-
tional method by Wu et al[* Minisini et all®! reported
elastic and thermodynamic properties of OsSi by the
VASP code with the projected augmented wave method
as implemented in the MedeA interface. The electronic

band structure of OsSi was mainly discussed in other
literatures.[6—°]

The main goal of this work is shedding light on the
ground structure of OsSi and giving a detailed description
for the structural and elastic properties of this compound
at different pressures by using first-principles calculations.
The band-structural character, total and projected den-
sity of states are also investigated. The calculated results
are compared with the available experimental data and
the previous works. The method of calculation is given in
Sec. 2. The results and overall conclusion are presented
and discussed in Sec. 3.

2 Theoretical Methods

2.1 Ab Initio Method

Our calculations have been made using the plane-
wave pseudopotential density functional theory method,
as invoked by the Cambridge serial total energy package
(CASTEP) program.['®=11] The major advantages of this
approach are: the ease of computing forces and stresses;
good convergence control with respect to all computa-
tional parameters employed; favourable scaling with num-
ber of atoms in the system and the ability to make cheaper
calculations by neglecting core electrons.'?) The effects of
exchange—correlation interaction are treated with the gen-
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eralized gradient approximation (GGA) of Perdew—Wang
(1991) version (PW91)!3=14 and the local density ap-
proximation (LDA) of Ceperley and Alder.”] The elec-
tronic wave functions are expanded in a plane wave basis
set with energy cut-off of 400 eV. Valence electrons are Os
5s25p®5d%6s? and Si 3s23p2. For the Brillouin-zone sam-
pling, we use the Monkhorst-Pack mesh with 8 x 8 x 8
k-points, where the self-consistent convergence of the to-
tal energy is at 107% eV/atom. These parameters are
sufficient in leading to well converged total energy, geo-
metrical configurations, and elastic stiffness coefficients.
All the total energy electronic structure calculations are
implemented with the non-local ultrasoft pseudopotential
introduced by Vanderbilt.!®!

2.2 Elastic Properties

The elastic constants of solids provide a link between
the mechanical and dynamical behaviours of crystals, and
give important information concerning the nature of the
forces operating in solids. The elastic constants are de-
fined by means of a Taylor expansion of the total energy,
E(V,§), of the system with respect to a small strain §
of the lattice volume V. We can express the energy of a
strained system as follows:['7]

E(V,6) = E(Vo,0)+Vo [Z Ti&idi + % ZCij&iﬁj} (1)
i ij
where F(15,0) is the energy of the unstrained system with
volume Vj; 7; is an element in the stress tensor, (; is a fac-
tor to take care of Voigt index. Since the stress and strain
tensors are symmetric, the most general elastic stiffness
tensor has only 21 non-zero independent components. For
a cubic crystal, they are reduced to three components, i.e.
c11, c12, and cgq. All these elastic constants can be de-

termined by computing the stress generated by forcing a
small strain to an optimized unit cell.['3—19]

Moreover, we have calculated the main elastic param-
eters for cubic OsSi, namely, bulk modulus (B), shear
modulus (G), and Young modulus (Y). These elastic pa-
rameters are usually calculated by two approximations:
due to Voigt (V)% and Reuss (R),?" in the following

forms
Bulk modulus:

Byv.r = (c11 + 2¢12)/3, (2)

Shear modulus:

Gv = (c11 — c12 + 3¢44) /5, (3)
Ggr = 5(011 — 012)044/[4044 + 3(011 - 012)] > (4)

we have utilized the VRH approximation2°=22| to eval-
uate the corresponding parameters of the polycrystalline
species. In this approach, according to Hill, the Voigt and
Reuss averages are limits and the actual effective moduli
for polycrystals could be approximated by the arithmetic
mean of these two bounds. From the values of Byry and
Gvyru by the VRH approach, the Young modulus (Y') for
polycrystalline OsSi was obtained as

9BvRH
1+ 3Byru/Gvra |

(5)

Yyru =

3 Results and Discussion

Within ab initio calculations, the structural proper-
ties are very important first step to understand the ma-
terial properties from a microscopic point of view. The
compound OsSi crystallizes in the FeSi-type cubic B20
structure.l?®! This structure has 12 symmetry operations.
The space group is P23 (198) and the point symmetry
at the osmium or silicon site is C3.

Table 1 Lattice parameter a, bulk modulus By, its pressure derivative B}, and elastic constant parameters
together with the experimental data and other theoretical results for the B20 structure OsSi at 0 GPa and 0 K.

Structural Present work Experiment Other theoretical works
propertices GGA LDA [25] 2] GGADI LDA GGALl
a (A) 4.7874 4.7026 4.727 4.7305 4.79 4.73 4.829
By (GPa) 215.9 250.7 211 238 265
Bj, (GPa) 5.0 4.9

c11 (GPa) 280.4 296.8 245 274

c12 (GPa) 173.9 202.4 194 220

caa (GPa) 156.3 169.8 150 161

To obtain the ground state value of lattice parame-
ter, the total energy F of the B20 structure OsSi has
been calculated at different primitive cell volume, then

a least-square fits of these energy-volume (E-V') data are

made to the Brich-Murnaghan’s equation of state (B-M
EO0S).1?4 The obtained lattice constant a, the bulk mod-
ulus By, and its pressure derivative Bj, as well as the

elastic constants at zero temperature and pressure are
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presented in Table 1, together with the available exper-
imental values(>2% and other theoretical results.[>~6 The
pressure dependence of the relative volume V/Vj at 0 K
is illustrated in Fig. 1. It is demonstrated that out cal-
culated results are in satisfactory agreement with the ex-

(2,25] and other theoretical results.’~¢ As

perimental data
expected the GGA method overestimates the lattice con-
stant a and underestimate bulk modulus By. Notice that
the experimental data of lattice constant is included be-
tween the LDA and GGA result.

We have also calculated the pressure dependence of
the internal coordinate parameters of silicon and osmium
atom with GGA level.

ted in Fig. 1. It is shown that, as the pressure increases,

The calculated values are plot-

the fractional coordinates of silicon and osmium atoms

increase monotonically, the interatomic distance decrease
monotonically and their interactions become stronger.
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Fig. 1 The pressure dependence of the relative volume
V/Vo of OsSi and the fractional coordinates of silicon,
osmium atoms.

Table 2 The elastic constants (GPa) and the aggregate elastic modulus (GPa) calculated within
the GGA for the B20 structure OsSi at zero temperature and different pressures (GPa).

P c11 c12 c44 B G Y

0 280.4 173.9 156.3 209.4 101.5 262.3
10 332.5 220.8 165.0 258.1 106.9 281.9
20 377.9 262.3 171.3 300.8 110.9 296.4
30 438.5 311.1 183.0 353.6 120.0 323.4
40 516.6 345.8 190.5 402.7 138.0 371.7
50 585.7 381.0 200.9 449.3 153.3 412.9
60 665.1 411.7 208.5 496.2 170.7 459.6
70 728.8 442.3 216.8 537.8 183.6 494.6
80 794.5 472.7 224.7 580.0 196.5 529.8
90 855.6 501.4 233.6 619.5 209.1 563.8
100 912.4 530.8 242.3 658.0 220.2 594.3
110 969.4 561.5 252.4 697.5 231.7 626.0
120 1024.5 587.1 258.2 732.9 241.6 653.0
130 1077.6 613.8 265.1 768.4 251.2 679.7
140 1129.1 641.2 272.8 803.8 260.9 706.3
150 1183.4 668.3 277.8 840.0 269.5 730.5

In Table 2, we have presented the pressure dependence
of the elastic constants c¢;; and the aggregate elastic mod-
ulus (B, G, and Y) calculated within the GGA for the
B20 structure OsSi at zero temperature and different pres-
sures. Although there are no available values to compare
with out calculated results, our data will be beneficial to
future investigation. One condition for mechanical stabil-
ity of a structure is that its strain energy must be positive
against any homogeneous elastic deformation. For cubic
crystals, this imposes the following constraints: 2!

Cys >0, Ci1>|Cr2], Ci1+2C12>0, (6)

where Coo = Caa — P (o = 1,4), C13 = 12+ P. Tt is
obvious from Table 2 that the elastic constants under ap-
plied pressure are content with Eq. (6), indicating that
this compound is stable against elastic deformation.

The relation of pressure with elastic constants for OsSi
is plotted in Fig. 2. The dependence of bulk modulus, the

shear modulus, and Young modulus on pressure are shown
in Fig. 3. It has been found that c;; varies substantially
under the pressure when compared with the variations in
c12 and cqq4. The elastic constant ci; represents elastic-
ity in length. A longitudinal strain produces a change in
c11- The elastic constants ci1o and cy44 are related to the
elasticity in shape, which is a shear constant. A trans-
verse strain causes a change in shape without a change
in volume. Therefore, c12 and c44 are less sensitive of
pressure as compared with ¢1;. As pressure increase, the
elastic constants and the aggregate elastic modulus for the
B20 structure OsSi at zero temperature increase monoton-
ically.

We might study theoretically the elasticity of OsSi by
means of models which assume that the interatomic forces
have a certain shape and directionality. One common ap-
proaches is to assume that the atoms are connected with
springs and that the resulting forces are only in the direc-
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tion of the nearest neighbors (central force mode). The
deviation from the Cauchy relation § = ¢1o —cqqy — 2P is a
measure of the contribution from the noncentral many-
body force since the Cauchy relation ci12 = cqq + 2P
should be satisfied when interatomic potentials are purely
central. Figure 4 shows the pressure dependence of §.
The deviation § becomes larger as the pressure increases,
which proved that the noncentral many-body force be-
comes more and more important at high pressure. Thus,
it is necessary to consider third-order and fourth-order
elastic constants when the anharmonic properties of OsSi
are discussed by means of elastic constants at high pres-
sure.
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Fig. 2 Static elastic constants of OsSi as a function of
pressure.
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Fig. 3 Elastic modulic of OsSi as a function of pressure.

From the theoretical elastic constants, we computed
the elastic wave velocities in different directions. The
elastic wave velocities in different directions are given

by (27-28]
Vi(g) = Ci(9)/p. (7)

where ¢ indicates the polarization and ¢ the propagation
direction of the wave, p is the mass density, and C;(g) is
an appropriate combination of elastic constants, given by

0[100]([100]) =1 = VPglpv

1
Cli10)([110]) = 5(011 + 12 4 2c44) = Vpap,

1
Cry([111]) = 5(011 + 2c19 + 4egq) = Visp,

Clo10)([100]) = Cio01)([100]) = Cioo1)([110]) = caa
= V,S2’1p7

1
Chro([110]) = 5 (e11 —e12) = Vo,

1
0[110]([111]) = 0[112]([111]) = 5(011 — c12 + C44)

= V523p ) (8)
where V), is the longitudinal wave with polarization par-
allel to the direction of propagation and Vj is the shear
waves with polarization perpendicular to the direction of
propagation. Figure 5 shows the pressure dependence of
the elastic wave velocities along [100], [110], and [111] di-
rections for OsSi. It is seen that all of the elastic wave
velocities increase with increasing pressure. Obviously,
longitudinal waves are fastest propagated along [111] and
shear waves are slowest propagated along [110] and polar-
ized along [110] at high pressure.
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Fig. 5 The elastic wave velocities in different directions
versus pressure for OsSi.

The elastic anisotropy of crystals has an important im-
plication for engineering science since it is highly corre-
lated with the possibility to induce microcracks in the
materials.?”) The anisotropy factor for cubic crystals,
A = (2¢44 + ¢12)/c11, has therefore been evaluated to pro-
vide insight on the elastic anisotropy of the B20 structure
OsSi. For a completely isotropic material the A factor
takes the value of 1, while values smaller or greater than
unity measure the degree of elastic anisotropy.*”) Figure 6
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shows the pressure dependence of the elastic anisotropy A
of OsSi. We can find that the B20 structure OsSi exhibits
large elastic anisotropy at zero pressure and the degree of
the anisotropy decreases with pressure. When the applied
pressures are larger than 100 GPa, the elastic anisotropy
A nearly approaches to the value of 1. It means that OsSi
is most elastically isotropic material at higher pressure.

Elastic anisotropy

1.0 I I I I I
0 20 40 60 80 100

Pressure (GPa)

120 140

Fig. 6 The pressure dependence of the elastic ani-
sotropy of OsSi.

Fig. 7 Band structures of OsSi obtained using the GGA
scheme calculated along high-symmetry directions in the
Brillouin zone at 0 GPa and 60 GPa.

Figure 7 shows the band structure near the main
Kohn—Sham band gap of OsSi at 0 GPa and 60 GPa ac-
cording to the GGA calculation. The zero of energy is
chosen to coincide with the top of the valence band. OsSi
behaves as a degenerate semiconductor as can be inferred
from its band diagram. In the absence of applied pressure
the band structure of OsSi is characterized by an indi-
rect transition of 0.68 eV between the valence band max-
imum and the conduction band minimum situated along
the M-G direction (approximately at 0.7 x M-G and at
0.5xM-G, respectively). Our calculated result is in good
agreement with previous first-principles computations.(6-!
However, the band gap overestimates the experimental
value of 0.26 €V, due to the strong component of metal
d states near the gap.!©

From the band structure, we can remark that when
pressure increases, the valence bands and conduction
bands for OsSi become dispersive, which imply that the

interaction between Os and Si are more covalent. This
leads to the decrease in the indirect band gap of OsSi un-
der pressure. The pressure dependence of the energy band
gap is shown in Fig. 8.
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Fig. 8 Energy band gap as a function with the applied
pressures.
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Fig. 9 Calculated total and projected density of states
for OsSi at 0 GPa and 60 GPa with GGA level. The solid
and dashed lines correspondence to 0 GPa and 60 GPa,
respectively. The dotted vertical line refers to the Fermi
level.

To further elucidate the nature of the electronic band
structure, we have also calculated the total (DOS) and
atomic site projected (PDOS) densities of states of this
compound under P = 0 GPa, together with P = 60 GPa.
These are displayed in Fig. 9. From the PDOS we are
able to identify the angular momentum character of the
different structures. Following Fig. 9, we should empha-
sis that there are five distinct structures in the density of
electronic states separated from each other by gaps. In
the absence of applied pressure the lowest valence bands
situated in the range —86.07 to —86.04 eV are due to the
Os s states. The structure localized between —45.7 and
—45.3 eV is resulting from Os p orbital. The structure
situated in the range —13.09 to —8.02 eV is essentially
dominated by Si s states, with admixture from Os d and
Si p states. The upper valence bands (between —7.57 and
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0 eV) below the Fermi level are mainly due to Os d states
hybridized with some Si p electrons, which indicates a cer-
tain covalency of the Os-Si bonds. The conduction bands
localized between 0 and 6.32 eV above the Fermi lever
are mainly Os d states hybridized with some Si p and s
electrons giving rise to antibonding bands.

From Fig. 9 we can see that when pressure increases,
the peaks of Os d, Si p, and Si s states decrease, but the
bandwidth becomes broad, which implies that the elec-
trons in those states are active under pressure. The change
of PDOS can be attributed to charge transfer during lat-
tice distortion. With the increasing of pressures, higher
overlap of Os d and Si p states (concluding little Si s
states) results in a stronger delocalization of electrons.
Electrons will transfer from the majority to minority spin
band and form broader bands. It is evidently indicative of
a covalent interaction between Os and Si atoms resulting
from strong hybridization. This leads to higher poten-
tial hardness under pressure in this compound, as already
established from the bulk modulus (see Fig. 3).

In summary, we have studied the structural, elastic,
and electronic properties of the B20 structure OsSi by

first-principles calculations in the framework of the density
functional theory. Our theoretical study concludes the fol-
lowing features: (i) The calculated equilibrium structural
parameter and elastic constants are in good agreement
with the experimental data and other theoretical results;
(ii) The elastic properties have been investigated. The
dependence of the elastic constants, the aggregate elastic
modulus, the deviation from the Cauchy relation, the elas-
tic wave velocities in different directions, and the elastic
anisotropy on pressure have been obtained and discussed.
To the best of our knowledge, there are no earlier studies
on the effect of pressure on the elastic properties, we feel
that our calculations can be use to cover the lack of data
of this compound; (iii) The electronic structure calcula-
tions show that OsSi is a degenerate semiconductor with
the gap value of 0.68 eV. The band gap is higher than the
experimental value of 0.26 eV, due to the strong compo-
nent of metal d states near the gap. The analysis of the
PDOS also reveals that hybridization between Os d and Si
p states indicates a certain covalency of the Os-Si bonds,
which contributes to the hardness and fundamental prop-
erties.
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