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Structural, elastic, and electronic properties of recently discovered
ternary silicide superconductor Li,IrSi;: An ab-initio study
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The structural, elastic, and electronic properties of the very recently discovered ternary silicide superconductor,
LiyIrSi3, are calculated using an ab-initio technique. We adopt the plane-wave pseudopotential approach within the frame-
work of the first-principles density functional theory (DFT) implemented by the CASTEP code. The calculated structural
parameters show reasonable agreement with the experimental results. The elastic moduli of this interesting material are
calculated for the first time. The electronic band structure and electronic energy density of states indicate the strong cova-
lent Ir—Si and Si—Si bonding, which leads to the formation of the rigid structure of Li;IrSi3. Strong covalency gives rise to
a high Debye temperature in this system. We discuss the theoretical results in detail in this paper.
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1. Introduction

Transition metals often form covalent bonds with tetrava-
lent silicon, because their electronegativities are comparable
to that of silicon. The covalent character plays a vital role in
realizing phonon-mediated superconductors with high 7; val-
ues. Transition metal silicides have already been identified
as potential superconductors. For instance, V3Si exhibits su-
perconductivity at 7, = 17 K.[' In addition, the tunability of
chemical potential by changing the transition metal may pro-
vide an additional channel in designing the ideal electronic
structure!?! leading to higher 7. For these reasons, the search-
ing of new superconductors in doped covalent metals has re-
ceived substantial attention. Very recently, using the conven-
tional solid state reaction procedure, a new ternary transition
metal silicide Li,IrSi3 was synthesized by Hirai et al.!?! This
compound crystallizes in the hexagonal system with space
group P63 /mmc (No. 194) and shows weak-coupling phonon-
mediated superconductivity below 3.7 K. The crystal structure
of LiyIrSi3 is composed of Si triangles connected by Ir atoms,
resulting in a three-dimensional network of covalent bonds.
The antiprisms, IrSig stacking along the ¢ axis are connected
by Si triangles.

At the same time, Pyon et al.’] prepared the polycrys-
talline samples of LiyIrSiz by the arc-melting method and
demonstrated that they were of a non-centrosymmetric trigo-
nal structure with the space group P31c (No. 159). Resistivity
and magnetization measurements revealed that LiyIrSi3 was a
type-1I superconductor with a 7. = 3.8 K. The crystal structure
of LipIrSiz was found to consist of a planar kagome network
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of silicon atoms with Li and Ir spaced at unequal distances be-
tween the kagome layers, giving rise to a polar structure along
the ¢ axis. Though the two experimental groups>3! reported
two different space groups for the crystal structure of LiyIrSis,
most of their results are identical. The possible reason may
be the similarity between crystal symmetries in both the trig-
onal and hexagonal systems. In fact, the hexagonal systems
are in the special forms of a class of the trigonal system, since
their faces are arranged regularly every sixty degrees around
the triad axis. This is one of the reasons why some researchers
prefer to group all the classes of these two systems together in
sub-divisions of one large hexagonal system.!* In this work,
we consider only the hexagonal structure for the ab-initio cal-
culations.

In this paper, we aim to explore the elastic and electronic
properties of the newly discovered transition metal silicide
superconductor Li;IrSiz by means of first-principles calcula-
tions. Neither the elastic properties of LiyIrSiz nor the me-
chanical properties of LiyIrSiz have been studied yet. It is
worth mentioning that the elastic properties are closely related
to the crystal structure and the nature of bonding among the
ions within the system. These factors, in turn, largely deter-
mine the phonon spectrum and the Debye temperature of the
compound of interest. Therefore, elastic constants are the pri-
mary parameters for the understanding of mechanical proper-
ties: they have relevance to the phenomenon of superconduc-
tivity in superconducting compounds as well.

The rest of the present paper is as follows. In Section 2, a
brief description of computational formalism used in this study

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

117401-1


http://dx.doi.org/10.1088/1674-1056/24/11/117401
mailto:salehnaqib@yahoo.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 24, No. 11 (2015) 117401

is presented. All the results obtained in the present investiga-
tion are given in Section 3, while presented in Section 4 are
the discussion and concluding remarks.

2. Computational procedures

The first-principles calculations reported herein were
performed using the Cambridge serial total energy pack-
age (CASTEP) code,’! which is based on the density func-
tional theory (DFT)[®7! within the plane-wave pseudopoten-
tial approach. The Kohn-Sham equations were solved us-
ing the Perdew—Burke-Ernzorhof generalized gradient ap-
proximation (PBE-GGA)3! for the exchange-correlation en-
ergy. Vanderbilt-type ultrasoft pseudopotentials!®! were used
to model the electron—ion interactions. Throughout the cal-
culations, a plane-wave cutoff energy of 500 eV was chosen
to determine the number of plane waves in expansion. The
crystal structures were fully relaxed by the Broyden—Fletcher—
Goldfrab-Shanno (BFGS) minimization technique.!'”! Spe-
cial k-points sampling integration over the Brillouin zone was
employed by using the Monkhorst—Pack scheme!!!l with the
15%x15x8 mesh. This set of parameters uses the tolerance in
the self-consistent field calculation of 5x10~7 eV/atom, the
change in total energy of 5x107% eV/atom, the maximum
force of 0.01 eV/A, the maximum stress of 0.02 GPa, and the
maximum atomic displacement of 5x10~% A.

The CASTEP calculates the elastic properties from the
first-principles using the finite strain theory,'?) which gives
the elastic constants as the proportional coefficients relat-
ing the applied strain to the computed stress, o; = Cj;€;.
From C;j, the polycrystalline bulk modulus B and shear mod-
ulus G were further evaluated using the Voigt—Reuss—Hill
approximation.!'3-13 In addition, the Young’s modulus Y,
Poisson’s ratio v, and shear anisotropy factor A were esti-
mated using the equations Y = (9GB)/(3B+G), v= (3B —
—2G)/(6B+2G) and A = 4C44/(C11 4+ C33 — 2C3), respec-
tively. The Debye temperature, @p, was determined from
the following equations: @p = h/kg[(3n/47)Nap /M) Py,
with v = [1/3(1/v +2/v})]71/3, w = [(3B +4G)/3p]'/2,
and v = [G/p]'/2. Here, vy and v, are the longitudinal and
transverse sound velocities that determine the average sound
velocity vy, in a solid. [

In the present calculations, the spin—orbit coupling (SOC)
has not been taken into consideration though the heavy tran-
sition metal Ir with 5d orbital is involved in this new com-
pound. As far as the structural optimization, elastic properties
and bonding characteristics are concerned, inclusion of SOC
only has a minor effect. For example, the inclusion of the SOC
in the calculations done for the transition metal based MAX
phases, like Mo AlIC (M =Ti, V, and Cr) and M0,AC (A = Al,
Si, P, Ga, Ge, As, and In) has little or no influence on such
properties. [!7-18]

3. Results and discussion
3.1. Structural properties

LiyIrSi3 crystallizes in the hexagonal structure with space
group P63/mmc (194). The unit cell has 12 atoms contain-
ing two formula units (Fig. 1). The fully relaxed structure
is obtained by optimizing the geometry with respect to lat-
tice constants and internal atomic positions. The optimized
Li atoms are situated in the 4 f Wyckoff site with fractional
coordinates (1/3, 2/3, 0.55889). The Si atoms are located at
the 6 Wyckoff position with fractional coordinates (0.34291,
0.17145, 3/4). The Ir atoms are positioned at the 2a Wyckoff
site with fractional coordinates (0, 0, 0). The calculated val-
ues of structural properties of Li,IrSi3 are presented in Table 1
along with the available experimental results. As can be seen
from Table 1, the theoretical results are very close to the ex-
perimental values. This ensures the reliability of the present
DFT-based first-principles calculations.

Fig. 1. (color online) Unit cell of hexagonal silicide superconductor
Li, IrSis.

Table 1. Lattice constants a and c, internal parameter z, hexagonal ratio
¢/a, unit cell volume V, and bulk modulus B with its pressure derivative
B’ for hexagonal Lip IrSis.

Properties Expt.[?! Present calculation Deviation/%
alA 5.01762 5.00690 0.21
c/A 7.84022 7.86548 0.32

z 0.56039 0.55889 0.27
c/a 1.56254 1.57093 0.54
VIA3 170.944 170.763 0.11

B/GPa - 115.899 -
B - 4.24085 -

3.2. Elastic properties

Table 2 lists our results for elastic properties at zero pres-
sure. Neither experimental data nor theoretical data on elastic
properties for LiyIrSi3 are available. Any mechanically sta-
ble hexagonal phase must conform to the conditions known as
the Born criteria:!'”! Cy; > 0, (C1; —Cj2) > 0, Cy4 > 0, and
(C11 +C12)C33 > 2C123. The calculated elastic constants com-
pletely satisfy the aforementioned conditions. Thus, we can
affirm that Li,IrSi3 is mechanically stable.
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The small values of Cjo and Cj3 imply that LiyIrSi3
should be brittle in nature.!*’! Pugh’s criterion!*!! and Frant-
sevich’s rule!?! also support this classification. According to
Pugh’s criterion, a material should be brittle if its Pugh’s ra-
tio G/B > 0.5, otherwise it should be ductile. Frantsevich’s
rule has suggested the Poisson ratio v ~ 0.33 as the critical
value that separates the brittle and the ductile behavior. If the
Poisson ratio v is less than 0.33, the mechanical property of
the material is dominated by brittleness; if the Poisson ratio
v is larger than 0.33, the mechanical property of the mate-
rial mainly shows ductility. From Table 2, it is evident that
the compound Li;IrSi3 is brittle in nature. The relatively low
value of Poisson’s ratio for LipIrSiz is indicative of its high
degree of directional covalent bonding.

Table 2. Calculated single crystal elastic constants C;; (GPa), polycrys-
talline bulk modulus B (GPa), shear modulus G (GPa), Young modulus
Y (GPa), Pugh’s ratio G/B, Poisson’s ratio v, and shear anisotropy fac-
tor A of LipIrSis.

Single crystal elastic properties Polycrystalline elastic properties

Properties LipIrSi3 Properties LipIrSis
Ciy 198 B 116
Cr 71 G 72
Ci3 55 Y 179
C33 295 G/B 0.62
Cya 68 \%4 0.24
Coo 64 A 0.71

The difference between C1; and C33 suggests that Li> [1Sis
possesses anisotropy in the elastic property. Elastic anisotropy
of a crystal reflects different characteristics of bonding in dif-
ferent directions. Essentially, almost all the known crystals
are elastically anisotropic, and a proper description of such
an anisotropic behavior has, therefore, an important implica-
tion in engineering science and crystal physics since it cor-
relates with the possibility of the appearance of microcracks
inside the crystal. The shear anisotropy factor for the {100}
shear plane between the (011) and (010) directions is given
by A = 4C4s/(C11 + C33 — 2Cy3). For an isotropic crystal
A =1, any value smaller or greater than unity is a measure
of the degree of elastic anisotropy possessed by the crystal.
The calculated shear anisotropic factor shown in Table 2 de-
viates slightly from unity, which implies that the in-plane and
out-of-plane inter-atomic interactions differ only slightly from
each other. Another anisotropic factor is defined by the ra-
tio between the linear compressibility coefficients along the ¢
and a axes for the hexagonal crystal: k./k, = (Cj1 +Cip —
2C13)/(Cs3 — Cy3). This has also been calculated. The calcu-
lated value of 0.66 reveals that the compressibility along the
c axis is smaller than that along the a axis for this new su-
perconductor LipIrSiz. The comparatively low shear modulus
indicates the low coefficient of friction and good machinability
of LizII‘Si3.

The ratio of the bulk modulus B to Cy4 can be interpreted
as a measure of plasticity.!?’! A large value of B/Cy4 indicates
that the corresponding material has excellent lubricating prop-
erties. The plasticity may also be estimated by the values of
(C1 — C12) and Young’s modulus Y.[>*1 The smaller values
of (C11 —Cj2) and Y indicate a better plasticity of LiyIrSis.
The Debye temperature @p is calculated to be 488 K from
the theoretical elastic moduli. The ®p value is estimated to be
486 K by using the phonon contribution to the low temperature
specific heat derived from experimental data of Cp.[?! Very
recently, the theoretical estimate of @p from lattice dynami-
cal calculations yielded a value of 488 K,[*>! exactly equal to
the value estimated from the theoretical elastic moduli in this
study. All these suggest that our calculations are reliable.

3.3. Electronic properties

The band structure of LiIrSiz with optimized lattice pa-
rameters along the high symmetry direction in the first Bril-
louin zone is shown in Fig. 2(a). The Fermi level of this su-
perconductor lies just below the valence band maximum near
the I point. The occupied valence bands spread widely from
—12.3 eV to the Fermi level Eg. The valence band crosses the
Fermi level, making the system conducting. The highly dis-
persive nature of the band structure along the I'-A direction
shows that the electronic transport along the ¢ direction is not
that different from that in the plane. LioIrSiz should be treated
as a three-dimensional, nearly isotropic system.

The total and partial energy densities of states (DOSs) of
LipIrSi3 are shown in Fig. 2(b). The total DOS has a large
value at the Fermi level N(Ep), around 3.2 states per eV per
unit cell, which is in reasonably good agreement with the value
of 2.9 states per eV per unit cell found in Ref. [2]. It should be
mentioned that very recently Lu ef al.1>) reported electronic
band structure calculations with taking SOC into considera-
tion and found N(Ep) ~ 3.5 states per eV per unit cell. This
electronic energy DOS at the Fermi level is vitally important
for superconductivity as the electron—phonon coupling varies
linearly with N(Eg). It has been found that inclusion of SOC
has little effect on this parameter.[>>) The primary effect of
SOC is band splitting and a moderate shift in the energy in
some of the dispersion curves. The Fermi surface topology
remains almost identical with or without SOC. The main ef-
fect is the disappearance of the small hole pocket around the
I"-point with the inclusion of the SOC.!>!

The DOS at the Fermi level arises mainly from Ir 5d and
Si 3p states. Once again, this finding confirms the metallic
conductivity of LiyIrSiz. The wide valence band consists of
several distinct peaks. It is observed that the lowest-lying va-
lence bands with two peak structures in an energy range be-
tween —12.3 eV and —7.5 eV are formed almost entirely by
3s and 3p states of Si. The next peak structure in the total
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DOS located between —7.5 eV and —5.8 eV mainly originates
from Si 3s, 3p and Ir 5d states. The second highest peak, be-
tween —5.8 eV and —3.3 eV, mainly consists of Si 3p and Ir 5d
states. The highest peak in a range from —3.3 eV to —1.3 eV
is derived from the strong hybridization of Si 3s, 3p with Ir
5d states. Li 2s has little contribution. The intense peak just
below the Fermi level is composed of the dominant contribu-
tions from Si 3p and Ir 5d states. It is evident that within the
energy range from —12.3 eV to the Fermi level, a covalent in-
teraction occurs between the constituting atoms due to the fact
that states are degenerate with respect to both angular momen-
tum and lattice site. It may be expected that the hybridization
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between 3s and 3p of Si in the lowest energy region should
be responsible for the covalent Si—Si bond that forms a three-
dimensional rigid network as a whole.[?! Further, a rather
strong hybridization between Si 3p and Ir 5d states around the
Fermi level would play a primary role in forming the cova-
lent Ir-Si bond to crystallize the rigid structure of LiIrSi3. In
addition, some ionic characters can be expected due to the dif-
ference in electronegativity among the comprising elements.
Therefore, the bonding nature in Li;IrSi3; may be described
as a combination of metallic, covalent, and ionic. The gross
features of our electronic structure study agree quite well with
those found in Ref. [25].
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Fig. 2. (color online) Electronic structures of Li;IrSiz. (a) Band structure at equilibrium lattice parameters along the high symmetry
wave-vector, k and (b) total and partial energy densities of states. The Fermi level is set to be 0 eV.

4. Conclusions

We have calculated the structural parameters, elastic
properties, and electronic structures of newly discovered
silicide superconductor Li>IrSi3 using the DFT-based first-
principles method. The structural properties obtained are in
good agreement with the experimental data.”! The calculated
elastic constants, obtained for the first time, allow us to con-
clude that the superconducting system LiyIrSiz is mechani-
cally stable. This new compound should have a low coeffi-
cient of friction and good machinability due to its low shear
modulus. In addition, Li>IrSi3 can be characterized as brit-
tle material and shows a small elastic anisotropy. The elec-
tronic structures of LipIrSiz show that its bonding is a combi-
nation of covalent, ionic, and metallic in nature. The rigid
structure of LipIrSiz is the consequence of the strong co-
valent Ir-Si and Si-Si bonds. Besides affecting the elastic
properties, this strong covalent bonding also has the poten-
tial to affect superconductivity itself. For covalent materi-
als, the electron—phonon coupling constant can be expressed

as A = (M{»?*))~'(dU/dz)>N(Eg) (the Hopfield expression),
where o is a characteristic phonon frequency and dU/dz is
the force due to electron—ion interaction. This equation, to-
gether with the weak coupling BCS equation for the supercon-
ducting transition temperature shows that 7. can be increased
further by optimizing the values of @ and N(Eg). The former
has a direct link with the strength of the covalent bonds. Tran-
sition metal elements other than Ir might form stronger cova-
lent bonds with Si 3p states and raise ® (~ @p). The N(Eg),
on the other hand, can be tuned by doping holes in the system,
which should result in a shift of the Fermi energy to a lower
value, thereby increasing the EDOS at the Fermi level.
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