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We have presented the structural, elastic, electronic, phononic, and electron-phonon interaction
properties of the La-based noncentrosymmetric superconductors, such as LalrSi;, LaRhSis;, and
LaPdSis, by using the generalized gradient approximation of the density functional theory. The cal-
culated elastic constants reveal the mechanical stability of all the studied compounds in their non-
centrosymmetric structure, while the lack of inversion symmetry gives rise to lift the degeneracy of
their electronic bands, except in the I'-Z and X-P directions. The calculated Eliashberg spectral
function shows that all phonon branches of these materials couple considerably with electrons, and
thus, all of them make contribution to the average electron-phonon coupling parameter 4. Using the
calculated values of 4 and the logarithmically averaged phonon frequency wy,, the superconducting
critical temperature T, values for LalrSi;, LaRhSi;, and LaPdSi; are estimated to be 0.89, 2.56, and
2.40K, respectively, which accord very well with their corresponding experimental values of 0.77,
2.16, and 2.60 K. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4983770]

I. INTRODUCTION

In recent years, BaNiSns-type LnTX; compounds (Ln: a
lanthanide element; T: a transition metal; and X: Si and Ge)
have been widely investigated because of their interesting
physical properties such as valence fluctuations' ™ and differ-
ent magnetic properties.*® Furthermore, CeRhSis,'*"!
CelrSi3,'>'* CeCoGes,'>'® and CelrGe; (Ref. 17) with
BaNiSn;-type structure have been found to exhibit pressure-
induced superconductivity. This finding is very interesting
because their structure lacks inversion symmetry along the c-
axis. Thus, the absence of inversion symmetry of a crystal
introduces a Rashba-type antisymmetric spin orbit coupling
(ASOC) that can cause some unconventional character of
superconductivity, i.e., revealing a mixture of spin-singlet and
spin-triplet pairings.'®'® However, these Ce-based noncentro-
symmetric superconductors (NCS) are placed close to a mag-
netic quantum critical point, making it difficult to discover the
effects of ASOC and inversion symmetry breaking on super-
conductivity. In order to explore the influence of inversion
symmetry breaking on superconductivity, nonmagnetic
Rashba-type NCS must be discovered and studied because the
extra complications that originate from strong f-electron cor-
relations can be prohibited. Thus, several f-electron-free NCS
have also been reported such as BaPtSi3,20’21 LaRhSi3,22’23
CaPtSiz,>** CalrSis,*** LaPtSis,”° LaPdSis,*® LalrSis,”” and
SrAuSis.*® These BaNiSns-type NCS do not show strong elec-
tronic correlations, and moreover, superconductivity takes
place at ambient pressure with conventional BCS character.
The electronic properties of these BaNiSns-type NCS can
affect their superconducting properties due to electron-phonon
interactions. Due to this reality, Terashima er al.?’ have
reported the de Haas-van Alphen (dHvA) effect at ambient
pressure and band-structure calculations for LaRhSi; and
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CeRhSi;. This experimental study indicated that frequency
branches in CeRhSi; differ from the ones in LaRhSi;. This
result proposes that the Fermi surface mapping in CeRhSi;
differs from that in LaRhSi3, which can be linked to the con-
tribution of the Ce 4f electrons. Furthermore, from the results
of the dHvVA measurement for LalrSi; (Ref. 30), it is found
that the Fermi surface is split into two surfaces due to the
spin-orbit interaction (SOI).

On the theoretical side, the full-potential-linearised aug-
mented plane wave (FLAPW) method has been utilized to
investigate the electronic band structures and Fermi surfaces
of LalrSis (Ref. 30) and LaRhSis.?° Both the previous theo-
retical works?~" indicated that all atoms contribute to
energy bands near the Fermi level. Following these theoreti-
cal works, the electronic and lattice dynamical properties of
BaPtSi; (Ref. 20) have been studied by using the density
functional theory within the local density approximation
(LDA). This theoretical work indicated that the spin-orbit
splitting of the relativistic electronic bands is very small at
the Fermi level, and thus, superconductivity keeps to an
almost undisturbed BCS state. The FLAPW method has been
employed to investigate the structural and electronic proper-
ties of CalrSis and CaPtSi;.>" This theoretical work indicated
that the near Fermi valence bands in both materials derive
from transitional metal’s d orbitals with an admixture of Si p
orbitals. Furthermore, relativistic LDA calculations have
been made for obtaining electronic properties of these
NCS.* The calculated electronic structure of both materials
shows similarities to that of the other NCS BaPtSi;.?° The
electronic properties of LaPdSi; have been studied employ-
ing the full-potential local-orbital method within density
functional theory.* This theoretical work mentioned that the
strength of an antisymmetric spin orbit coupling in this

Published by AIP Publishing.
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material is comparable to that of BaPtSi;. The FLAPW
method has been used to investigate the electronic properties
of SrAuSi;.%® This theoretical work concluded that the spin-
orbit interaction for this NCS has only little influence on the
band structure around the Fermi level. Furthermore, this the-
oretical work suggests that the mechanism of superconduc-
tivity in this material is phonon mediated. These theoretical
works are not complete enough to explain the origin of
superconductivity in these NCS because their phonon prop-
erties must be calculated to study electron-phonon interac-
tion. This reality motivated Arslan er al** to study the
electron-phonon interaction in SrAuSis. This work has been
done with and without spin-orbit interactions. This theoreti-
cal work stated that the influence of spin-orbit coupling on
the phonon frequencies and their electron-phonon coupling
parameter is very small. Thus, this theoretical work sup-
ported that this material is phonon mediated superconductor
with weak electron-phonon coupling. Furthermore, Uzunok
et al*® have employed an ab initio study of electronic,
vibrational, and electron-phonon interaction properties of
body-centred tetragonal CalrSi; by employing the density
functional theory, a linear response formalism, and the
plane-wave pseudopotential method. They concluded that
the effect of spin-orbit interaction on the electron-phonon
interaction properties of this material is rather small, which
can be related to the negligible influence of this interaction
on the band structure around the Fermi level.*

In this paper, we examine the origin of superconductiv-
ity in La-based NCS, such as LalrSi3, LaRhSi3, and LaPdSis,
because no magnetic order is available for these materials to
interfere with their superconducting state. In addition to this,
these materials do not show strong electronic correlations
and exhibit superconductivity with the BCS characteristics at
ambient pressure. In contrast, a majority of Ce-based
NCS'™'7 are antiferromagnetic and become superconduct-
ing only under pressure. Hence, La-based NCS are good
choice to research for the effect of spin-orbit interaction on
their physical properties.

Although sufficient theoretical works have been made
on the electronic properties of LaTSis, no theoretical works
exist for their vibrational and electron-phonon interaction
properties. However, the electron-phonon interaction deter-
mines a number of important physical properties of metals
such as electrical and thermal resistivities, thermal expan-
sion, and superconductivity. Keeping in mind the significant
role of electron-phonon interaction in the establishment of
BCS-type superconductivity, in this study, we have made ab
initio planewave pseudopotential calculations to obtain the
structural, elastic, electronic, phonon properties, and the
electron-phonon interaction in the ternary silicides LaTSi;
(T=Ir, Rh, and Pd). The effect of spin orbit interaction on
the states close to the Fermi energy for all the considered
NCS is presented and discussed in detail. The calculated lat-
tice dynamical properties of all the studied NCS are pre-
sented and compared between each other in detail.
Moreover, the Eliashberg spectral function®®=® for all the
studied materials has been obtained using the calculated pho-
non density of states (DOS) and electron-phonon matrix ele-
ments. The electron-phonon coupling parameter 4 and the
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logarithmic average of phonon frequency ), have been
determined from the integration of the Eliashberg spectral
function. Inserting these values into the Allen—Dynes for-
mula, the superconducting transition temperatures of all the
considered materials are calculated and compared with their
experimental values. Finally, an explanation for the differ-
ence in their superconducting transition temperatures has
been put forward.

Il. THEORY

All calculations have been carried out using the density
functional theory with and without SOI as implemented in
the electronic structure package named Quantum-Espresso.*’
The atomic pseudopotentials formed using the projected-
augmented wave>’ (PAW) are used to simulate interactions
between valence electrons and ion cores, and the electron
wave function is expanded in plane waves up to an energy
cutoff of 60Ry for all calculations. The electronic many-
body interaction is explained within the generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof
(PBE).** The Kohn-Sham equations*' are solved using an
iterative conjugate gradient scheme, employing a set of
Monkhorst—Pack special k points.** The (8 x 8 x 8) grid is
taken in order to determine the structural parameters, and the
electronic structure and electronic density of states are
obtained by employing the (24 x 24 x 24) grid.

After obtaining self-consistent solutions of the Kohn-
Sham equations, the lattice dynamical properties (the phonon
spectrum, the density of states, and the eigenvectors corre-
sponding to phonon frequencies) are evaluated within the
framework of the self-consistent density functional perturba-
tion theory.> For the phonon calculations, Brillouin zone
integration has been made by using a set of 59 special k
points. We have calculated 13 dynamical matrices for a
4 x4 x4 q-point mesh within the irreducible part of the
Brillouin zone. The dynamical matrices at arbitrary wave
vectors are then evaluated with the help of a Fourier decon-
volution scheme. Finally, the phonon density of states calcu-
lations have been performed by using the tetrahedron
method. The technique for the calculation of the electron-
phonon coupling has been explained in detail in our previous
work.*? The Fermi surface sampling for the evaluation of the
electron-phonon matrix elements has been performed using a
(24 x 24 x 24) k-mesh with a Gaussian width of 0.02 Ry.

In order to investigate the mechanical properties of all the
studied materials, we have calculated their second-order elas-
tic constants using the method discussed in detail in the theo-
retical work of Mehl ez al.** The calculations of the elastic
constants need a very high degree of precision because the
energy differences involved are of the order less than 1 mRy.
To ensure, this requires the use of a fine k-point mesh. With
our choice of a (16 x 16 x 16) k-points grid, the energy per
atom is converged to 1 mRy or better in all cases. In this

study, we have calculated a set of 21 values of w -0

by varying J from —0.02 to 0.02 in steps of 0.002. Then, these
results are fitted to a parabola, and the elastic constants are
determined from the quadratic coefficients.
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TABLE I. Structural parameters for LaTSi; and their comparison with the available experimental results.
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a(h)

c(A)

V(A%

Material Zr Zsi1 Zsi2
LalrSi; 4302 9.882 91.43 0.6542 0.4109 0.2625
Experimental®’ 4.278 9.831 89.98 0.6554 0.4110 0.2624
LaRhSi; 4310 9.878 91.75 0.6559 0.4137 0.2643
Experimental®® 4.269 9.829 89.58 0.6577 0.4135 0.2650
LaPdSis 4.375 9.677 92.61 0.6445 0.3915 0.2596
Experimental*® 4.354 9.664 91.61

lll. STRUCTURAL AND ELECTRONIC PROPERTIES

All the three NCS investigated here belong to BaNiSn;-
type tetragonal crystal structure with the space group I4/mm.
Each primitive unit cell contains one La atom at the (2a)
(0.00, 0.00, 0.00) position, one T atom at 2(a) (0.00, 0.00,
zt), one Sil atom at 2(a)(0.00, 0.00, zs;;), and two Si2 atoms
at the (4b) (0.00, 0.50, zgs;,) sites. Thus, two lattice parame-
ters (a and c¢) and three internal parameters (zr, Zs;;, and Zg;>)
characterize the crystal structure of all these compounds.

Table I presents the calculated lattice parameters, vol-
ume, and internal parameters for all the investigated NCS.
Our calculated values for the lattice parameters and internal
parameters compare very well with their corresponding
experimental values.”®?"-* In particular, the calculated lat-
tice parameters for all the considered materials differ from
their experimental values?®?”?° within less than 1%, while
the maximum difference found for the internal parameters is
not more than 0.5%.

As displayed in Fig. 1, each T atom coordinates with
one apical Sil atom and four basal Si2 atoms. Furthermore,
each T atom generates a square plane with other three T

@®La
oT

@ Sil
@Si2

FIG. 1. The BaNiSn;-type crystal structure of LaTSi3. The crystal structure
has no mirror plane perpendicular to the z-axis.

atoms. In particular, the nearest-neighbor distance Ir-Sil and
Ir-Si2 are calculated to be 2.392 A and 2.403 A, which is
close to 2.483 A obtained as the sum of their covalent radii:
1.37A for Ir and 1.11 A for Si. A similar observation has
been made for LaRhSi; and LaPdSis;. These observations
indicate that there is a strong covalent bond between T and
Si atoms in LaTSi; compounds. The closest Ir-Ir distance is
found to be 4.302 A, which is much longer the corresponding
distance of 2.72 A in Ir fcc metal. This result proposes the
existence of weaker metal-metal interaction in LalrSi; as
compared with that in the fcc metal Ir. The same situation
has been found for the remaining NCS. The values of the
Sil1-Si2 bond length are calculated to be 2.610, 2.598, and
2.533 A for LalrSi;, LaRhSi3, and LaPdSis, respectively. All
these values are larger than the corresponding bond length
value of 2.352 A in diamond Si. This result shows that the
covalent Si-Si interaction in all the studied materials is
weaker than the corresponding interaction in diamond Si.
Some ionic character in these NCS exists due to the differ-
ence in the electronegativity among the comprising ele-
ments. As a consequence, the bonding in these NCS can be
classified as an interplay between covalent, metallic, and
ionic characters.

Figure 2(a) presents the calculated electronic band struc-
ture of LalrSi; without and with SOI along various symmetry
directions in the Brillouin zone of body-centred tetragonal
lattice. Our choice for this compound is that the strength of
SOI depends on 7> (Z is the atomic number), and thus, we
expect that SOI will make more influence on the electronic
structure of LalrSi; than that of LaRhSi; (or LaPdSis) due to
the heavier mass of Ir atom than that of Rh atom (or Pd
atom). As can be seen from Fig. 2(a), the band structure of
LalrSi3 has a metallic character with at least one band char-
acterized with large dispersion cross the Fermi level along
all the considered symmetry directions except along the X-P
symmetry direction. Along this symmetry direction, valence
and conduction bands are well separated from each other.
When SOI is taken into account, the value of splitting
between the first pair just above the Fermi level at the I'
point is found to 0.3 eV. The electric field gradient due to the
lack of inversion symmetry is also responsible for removing
the degeneracy of the electronic bands. However, the two-
fold degeneracy of the electronic bands along the Z-I" and
X-P directions still exists, since the ASOC effects only split
bands along directions perpendicular to the c-axis. The larg-
est vertical splitting for LalrSi; is found along the G1-Z
direction just above the Fermi level with the value of
0.35eV. The electronic band structures of remaining NCS
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FIG. 2. (a) The calculated electronic band structures of LalrSi; along the
high symmetry lines in Brillouin zone of body-centred tetragonal lattice
with and without SOI. The inclusion of SOI has split several bands. (b) The
total and partial electronic density of states with SOI for LalrSi;.

are rather similar but the band splitting in these materials is
much weaker than the corresponding effect in LalrSi;
because of the smaller mass of Rh atom (or Pd atom) in com-
parison to that of Ir atom. From these observations, we can
conclude that the spin-singlet Cooper pairs dominate in these
NCS due to the small splitting of electronic bands close to
Fermi level.

In order to identify the nature of electronic bands in the
electronic structure of LalrSi;, we have calculated and pre-
sented their total and partial DOS for this material with SOI
in Fig. 2(b). We have to mention that the total and partial
DOS of other two compounds are also similar to those
obtained for LalrSi;. Now, we will discuss our DOS results
for LalrSi;. Partial DOS of Ir and Si are considerably scat-
tered in the energy window below and above the Fermi level.
In particular, for energy window from —6.0 to -3.0eV, DOS
features originate mainly from the 5d states of Ir. However,
the contribution of La is very small to the valence band
except close to Fermi level. This result is expected because
La atoms (with relatively low electronegativity) constitute
cations and transfer valence electrons to IrSis. Thus, the
interaction between La and IrSis is rather ionic. The intensity
patterns of the partial DOS of the Ir and Si states look similar
over the wide energy range around the Fermi level. This
result shows that the Ir d and Si p states strongly hybridize
and form covalent bond between them. Examination of the
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valence DOS features for LalrSiz confirms that the bonding
situation in this material is a mixture of covalent and ionic
bonds. Although the contributions of the Si(1,2) atoms domi-
nate near the Fermi level, all three atomic species contribute
to the bands at and just above the Fermi level. This result
indicates that La in this material is not totally ionized to the
3" state. The value of the DOS at the Fermi level N(Ey) is
estimated to be 1.47 states/eV with SOI, which is slightly
smaller than the value of 1.57 states/eV without SOI. This
result re-confirms that the effect of SOI on the bands close to
Fermi level is very small. The contributions of La, Ir, and
Si(1,2) to N(Ep) are approximately 18%, 32%, and 50%,
respectively. In particular, the orbital characters at the Fermi
level are mainly composed of Si2 3p (23%), Ir 5d(21%), Sil
3p(20%), La 5d(17%), and Ir 6p (10%).

From the above results, one can state that the p electrons
of Si(1,2) atoms and the d electrons of Ir and La atoms make
significant influences on the superconducting properties of
LalrSi; in accordance with the McMillan-Hopfield expres-
sion, which is given as

, _NEP)
ST W

where (wz) is the average of squared phonon frequencies, M
is the average atomic mass, and (I*) shows the Fermi surface
average of squared electron-phonon coupling interaction.
This expression shows that a larger value of N(E) increases
the value of electron-phonon coupling parameter (1). As we
mentioned before, the total contribution of Si(1,2) electronic
states is around 43%. Thus, we can conclude that the main
effect on the superconducting properties of this material
arises from the p states of these atoms. A similar observation
has been made for the remaining NCS. In particular, the
value of N(Ep) for LaRhSi; amounts to be 1.78 states/eV
with SOI, which is almost equal to the value of 1.76 states/
eV without SOI. The values of N(Ey) for LaPdSi; are found
to be 1.49 states/eV and 1.50 states/eV with and without
SOI, respectively. As a consequence, we can state that the
influence of SOI on the energy bands close to the Fermi level
is negligible for both materials. This result is not surprising
because the masses of Rh and Pd atoms are much lighter
than the mass of Ir atom.

IV. PHONONIC AND ELECTRON-PHONON
INTERACTION PROPERTIES

The group theoretical treatment of zone-centre phonon
modes in the body-centred tetragonal BaNiSn; structure (which
LalrSi;, LaRhSi3, and LaPdSi; assume) with space group 14/
mm produces the following irreducible representation:

[ =4E + B, + 34, 2)

where B and A, are the single modes, while E is the modes
that doubly degenerate. All phonon modes are both Raman
and Infrared active except the B; mode which is only Raman
active. We have a comparison of the zone-center phonon fre-
quencies with their electron-phonon coupling parameters
and their polarization characters for all the studied NCS in
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TABLE II. Calculated zone-centre phonon frequencies (v in THz) with their electron-phonon coupling parameters (/) and their irreducible representations

(polarisation characters—PC) for LaTSi3(T =Ir, Rh, and Pd).

LalrSi;
Mode E Ay E E B, Ay E Ay
v 3.351 3.878 4.634 8.051 8.459 8.946 11.032 11.061
A 0.086 0.106 0.064 0.081 0.141 0.043 0.021 0.123
PC La+Ir+Si2+Sil La+Ir+Sil Si24-Sil Si24-Sil Si2 Si2+Sil+Ir Si2+1Ir Si24-Sil
LaRhSi;
Mode E A, E E B, Ay Ay E
3.790 4.099 4.358 7.980 8.279 8.932 10.470 10.471
A 0.082 0.141 0.077 0.073 0.158 0.050 0.186 0.027
PC La+Rh+Si2+Sil La+Rh+Sil1+Si2 Si2+Sil+Rh Sil+Si2 Si2 Si2+Sil+Rh Si2+Sil Si24-Sil
LaPdSi;
Mode E Ay E Ay B, E E Ay
3.140 3.490 4.050 7.760 8.381 8.418 9.295 10.685
A 0.106 0.204 0.120 0.087 0.233 0.077 0.080 0.321
PC La+Pd+Si2+Sil La+Pd+Sil+Si2 Si2+-Sil+Pd Si2+-Sil+Pd Si2 Sil+Si2 Si2+Sil+Pd Si2+-Sil

Table II. The first point to note that is the doubly degenerate
E modes originate from the vibrations of related atoms in the
x—y plane, while the vibrations of relevant atoms along the z
axis represent the A; and B; phonon modes. As can be seen
from this table, the B; phonon modes of all the studied NCS
have the largest electron-phonon coupling parameter. A sim-
ilar observation has been made for CalrSi; (Ref. 35) in our
previous theoretical study. Further examination of Table II
reveals that the electron-phonon coupling parameter for the
lowest and the highest A; phonon modes is larger than the
corresponding parameter for the remaining of zone-centre
phonon modes. Thus, eigen representations of these phonon
modes are displayed in Fig. 3. The B; phonon mode is totally
dominated by the motion of Si2 atoms along the z direction.

@®La z

Olr

@Ssil y
@Si2 X

B,

pen el

5
3T$;a

v =3.878 THz v =_8.459 THz

A =0.106 A =0.141

This finding totally coincides with our results for N(Eg),
which contains the largest contribution from the p states of
Si2 atom. It is worth to mention that the A; phonon modes
also include atomic vibrations of related atoms along the z
direction.

A trustworthy calculation of electron-phonon coupling
requires the knowledge of the full phonon spectrum as well
as the corresponding phonon density of states. The calculated
phonon dispersion curves along several high symmetry
directions of the body-centred tetragonal Brillouin zone for
LalrSij are displayed in Fig. 4(a). There are three forbidden
gaps with the frequency values of 1.1, 0.2, and 0.9 in the cor-
responding phonon spectrum. These gaps divide this phonon
spectrum into four separate regions. Three acoustic and five

Ay
[} . ® ®
£ .T‘ ‘ FIG. 3. Eigen atomic displacement
O O O O patterns for the zone-centre lowest A,
: : f : By, and the highest A; modes in
o : : LalrSi;. The corresponding phonon
: modes in the remaining NCS have sim-
‘ ‘ ‘ ‘ ilar eigen atomic displacement patterns
to their counterpatterns in LalrSis.
e
o ® T ‘o ®
v=11.061 THz
A =0.123



193904-6 Uzunok et al.

(@

—
NS}
1

—_
(=}
-

Frequencz: (THz)
{
X

r Gl z T X P r N

(b)

Density of States (States/THz)

1L

4 6 8 o 12
Frequency (THz)

FIG. 4. (a) The phonon dispersion curves for LalrSi; along selected symme-
try directions in the body-centred tetragonal Brillouin zone. (b) The total
and partial phonon density of states for LalrSis;.

optical phonon modes constitute the first frequency region.
The acoustic phonon branches disperse up to around 4 THz
in this frequency region, while the five optical branches lie
between 3 and 6.4 THz in this region. There is a considerable
degree of overlap between low-frequency optical phonon
branches and the acoustic phonon branches. Both the second
and third frequency regions include two optical phonon
branches which are less dispersive than the corresponding
optical phonon branches in the first frequency region. These
two regions are separated from each other by a narrow gap
of 0.2 THz. The fourth last frequency region contains three
dispersion optical phonon modes extending the spectral
range from 10.2 to 12.7 THz.

The contributions of atomic vibrations to phonon
branches can be much better understood by the total and par-
tial phonon DOS. The total phonon DOS and partial DOS
are illustrated in Fig. 4(b). The Sil and Si2-related phonon
states are quite dispersive, spreading in lattice vibrations
over the whole range of phonon frequencies due to their ligh-
ter mass as compared to the masses of remaining atoms,
while La and Ir vibrations almost disappear above 4.7 THz
because of their heavier masses. In particular, motion imply-
ing all three atomic species types are present below 4.7 THz,
while the partial DOS exhibits a dominance of La atoms in
the frequency region between 2.8 and 3.7 THz. On the other
hand, the Si2 atoms dominate the vibrations between 3.7 and

J. Appl. Phys. 121, 193904 (2017)

4.7THz with a minor contribution from the rest of atoms.
The frequency region from 4.7 to 6.4 THz is totally contrib-
uted by the vibrations of Si2 atoms, while the Sil atoms
seem motionless in this frequency region. The DOS features
between 7.5 and 8.1 THz are formed by the vibrations of Sil
atoms with considerable amount of Si2 vibrations. We have
to note that the opposite picture can be seen in the frequency
region from 8.3 to 9.4 THz. Three peaks with frequencies of
10.4, 11.0, and 11.7 THz are found in the fourth frequency
region. The lowest of these vibrational modes is character-
ized by the motion of Sil atoms while the rest of them arise
from the vibrations of Si2 atoms.

The results for the phonon dispersion relations of
LaRhSi; are displayed in Fig. 5(a) along selected symmetry
directions of the body-centred tetragonal Brillouin zone
together with the corresponding total and partial DOS in Fig.
5(b). The phonon spectrum of LaRhSi; looks similar to that
of LalrSis. First, the absence of imaginary frequency in all
high symmetry directions for LaRhSi; also states the dynam-
ical stability of this material in the body-centred tetragonal
BaNiSnj; structure. Second, the phonon spectrum of LaRhSi;
is also divided into four separate regions by three phonon
band gaps of 1.2, 0.2, and 0.3 THz. Third, these regions in
LaRhSi; contain the same number of phonon branches as
their counter-patterns in LalrSi;. However, different from
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FIG. 5. (a) The phonon dispersion curves for LaRhSi; along selected sym-
metry directions in the body-centred tetragonal Brillouin zone. (b) The total
and partial phonon density of states for LaRhSi5.



193904-7 Uzunok et al.

LalrSi3, three acoustic phonon branches are separated from
the low-frequency optical phonon branches along the I'-X,
X-P, and P-I" directions. The phonon DOS in Fig. 5(b) is
split into the contributions of the vibrational phonon modes
related to La, Rh, Sil, and Si2. All atomic species contribute
to the DOS features below 4.3 THz, while the partial DOS of
La atoms are almost negligible above this frequency region
due to the heaviest mass of La. In the frequency window
from 4.3 to 5.0 THz, a strong hybridization between Si2 and
Rh atoms is observed due to a strong covalent bond between
these atoms. The largest contribution to DOS from 5.0 to
5.9 THz originates from Si2 vibrational modes with much
smaller contribution from Rh vibrational modes. Above the
first gap region, the DOS features are pictured by the coupled
motion of Sil and Si2 atoms. However, different from
LalrSi3, the contribution of Rh atoms to these DOS features
is appreciable. Due to this reason, the phonon DOS of
LaRhSi; extends up to 11.70 THz, which is 1.0 THz smaller
than that of LalrSis.

Figure 6(a) presents the calculated phonon spectra for
LaPdSis, while the total and partial DOS for these materials
are illustrated in Fig. 6(b). Once again, the calculated phonon
spectra have only positive frequencies, at any chosen g wave
vector, indicating the dynamical stability of LaPdSis.
Different from the other two NCS, the phonon modes in this
material split into only two regions: low-frequency region
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FIG. 6. (a) The phonon dispersion curves for LaPdSi; along selected sym-
metry directions in the body-centred tetragonal Brillouin zone. (b) The total
and partial phonon density of states for LaPdSis.
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(LFR) (0-6.3THz) and high frequency region (HFR)
(6.7-10.7 THz), which are separated from each other by a
narrow gap of 0.4 THz. The LFR is composed of three acous-
tic and five optical branches, while seven optical phonon
modes appear in the HFR. The three acoustics phonon modes
as well as the 12 optical phonon modes in LaPdSi; are all
very dispersive. In agreement with LaRhSis, three acoustic
phonon branches do not overlap with the low-frequency opti-
cal phonon branches along the I'-X, X-P, and P-I" directions.
The calculated total and partial DOS for LaPdSis, as shown
in Fig. 6(b), span the frequency range from 0 to 10.7 THz,
which is 1.0 THz smaller than that of LaRhSi5. This decrease
in the range of phonon DOS for LaPdSi; can be linked to the
slightly larger volume or heavier mass of Pd of LaPdSi; as
compared with that of LaRhSij (see also Table I). The partial
DOS for each atom is in accordance with their atomic mass.
The LFR is composed of the acoustic and optical phonon
vibrations of all non-equivalent atoms. In particular, La, as
the heaviest element, dominates the lower frequencies below
3.0 THz with some contribution from the remaining atoms.
The DOS features in the HFR originate from the coupled
motion of different types of Si atoms, which is quite
expected since Si is much lighter than La and Pd. Although
La does not make any contribution to the HFR, a much
smaller Pd contribution to this region is observed.

In order to analyze the signature of atoms and their
vibrational modes which contribute to superconductivity in
LalrSi3;, LaRhSi3, and LaPdSi; by coupling to the electrons
at the Fermi energy, we illustrate their Eliashberg function
«*F(w) and frequency accumulated electron-phonon cou-
pling parameter A(w) with and without SOI in Fig. 7. This
figure clearly shows that the effect of SOI on the electron-
phonon interaction in LalrSi; is more than that in the remain-
ing NCS which can be linked to the heavier mass of Ir than
the masses of Rh and Pd atoms. With the calculated
’F(w),*** one is able to determine the average electron-
phonon coupling parameter /. The calculated values of 1 are
found to be 0.39, 0.48, and 0.49 for LalrSi;, LaPdSis, and
LaRhSi;, respectively, which suggests that the electron-
phonon interaction in LaPdSi; and LaRhSij is slightly stron-
ger than that in LalrSi;. Thus, we can conclude that LalrSij
displays superconductivity with a lower superconducting
critical temperature (7,) than the other two NCS. The calcu-
lated contributions to 4 from the LFR (below the first gap
region) and the HFR (above the first gap region) are found to
be around 60% and 40%, respectively, for all the studied
NCS. Although the largest contribution to A comes from
three acoustic phonon branches and five low-frequency opti-
cal phonon modes, phonon branches in the HFR make also
significant contribution to 1. We believe that considerable
contribution to / coming from HFR arises from the light
mass of Si and largest contribution of Si(1,2) p electrons to
N(EF) [see Eq. (1)].

For BCS type superconductors, the modified Allen-
Dynes formula®®*? takes the form

O 1.04(1 + 2)
T(‘ - T A - P ) 3
: 1.26Xp< 7 — (11 0.620) ©)
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—— O2F(@) (WithSOD) oo (@) (With SOT) which links the value of T, with A and the logarithmically

averaged phonon frequency (wj, = exp (227" [742o’F(w)

In®)), and effective screened Coulomb repulsion (u* =0.1).

, LalrSi oo Furthermore, the electronic specific heat coefficient y takes
the form

—_— oc2 F(w) (Without SOI)  —— () (Without SOT)

0.75 4 ~0.75

1
y= gnzk,éN(Emm + 1), (4)

)

0.50 +

[0 M) which connects the value of y with N(Ey) and /. The calcu-

lated values of N(Er), w;,, 4, T, and y with and without SOI
o for all the studied NCS are presented in Table III, together
I with the previous experimental results. In general, the effect
0.0 of SOI on these superconducting parameters is quite small.
Frequency(THz) In particular, the largest decrease has been observed for the
N(EF) value of LalrSi; within 7%. The calculated values of

1.25 N(Er), 4, T, and 7y for all the studied NCS compare very
well with their experimental values. Now we can make a
comparison of the superconducting parameters N(E), @y, 4,

and T, between all the studied NCS. As can be seen from

"o Egs. (1) and (3), the value of T. will be affected by three
_____________ L o5 parameters such as N(Er), w;,, and A. The largest electron-
phonon coupling parameter has been observed for LaRhSi;
0.5 due to its largest N(Er) value. Thus, the calculated 7. for this
material is larger than those of the other two NCS studied

A o here.

0.25 4

0.00

LaRhSi

1.00 = 1.00

0.754 - 0.75

)

0.50+

0.254

0.00-

Frequency(THz)
V. ELASTIC PROPERTIES

LaPdSi
125 1.25

i In the BCS theory of superconductivity, the electron-
- 100 phonon interaction is essential for the generation of super-
conducting states. Since the longwave-length phonon
o7 spectrum is mainly related to the elastic properties of the
re material, these properties of superconducting materials must
be studied and discussed. In this work, the second-order elas-

tic constants are calculated using the energies of strained and

I unstrained geometries.** There are six independent elastic
0.00 . : . : : 0.00 constants for tetragonal materials such as C;y, Cy,, C;3, Cs3,
;requensy(THz)S 10 12 Cus, and Cgg. The calculated values are presented in Table
IV. These values satisfy the well-known Born’s stability cri-

FIG. 7. The calculated Eliashberg spectral function [o*F(w)] and electron- teria (see Ref. 45), confirming that all the considered NCS
phonon coupling parameter (4) with and without SOL are mechanically stable in the body-centred tetragonal
BaNiSn; structure. For tetragonal crystals, two Cauchy rela-
tions are given as Ci, =Cgq and Cs; =Cy4.* The Cauchy

1.00 H

0.75 4

)

0.50

0.25 4 ~0.25

TABLE III. Calculated electron density of states at the Fermi level N(Ef), average electron-phonon coupling parameter A, superconducting critical temperature
T., logarithmic frequency ,,, and electronic specific heat 7 values and their comparison with their available previous experimental values for LaTSiz(T =1Ir,
Rh, and Pd) compounds.

N (Ep) (states/eV) 7 1 (K) ' (72%) Te (K)
LalrSis (with SOI) 1.47 0.39 2532 4.85 0.89
LalrSis (without SOI) 1.58 0.42 255.2 5.28 1.24
Experimental* 4.50 0.77
LaPdSi; (with SOT) 1.49 0.48 216.5 5.22 2.40
LaPdSi; (without SOI) 1.50 0.50 220.2 5.21 2.36
Experimental®® 0.51 4.67 2.65
LaRhSij; (with SOI) 1.78 0.49 230.2 6.23 2.56
LaRhSi; (without SOI) 1.76 0.50 236.6 6.20 2.80

Experimental®* 1.70 0.49 6.04 2.16
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TABLE IV. Calculated elastic constants (in GPa) for LaTSi3 materials are shown below. The Debye temperature (@) and superconductivity transition tem-

perature (T,) are given in K.

Ci Ci2 Cs3 Ciz Cyy Ces Op T,
LalrSis 211.95 67.98 217.21 108.56 41.41 62.57 300 0.90
Experimental* 225 0.77
LaRhSi; 185.48 75.96 193.42 97.21 44.87 57.18 367 3.09
Experimental® 357 2.16
LaPdSi; 163.88 73.36 162.64 81.28 66.60 48.26 372 3.17
Experimental*® 397 2.65

relations are totally satisfied if the atoms interact only with
the central forces. The calculated results suggest that Cj,,
Ces, C33, and Cyy do not satisfy the Cauchy relations for any
of the three NCS studied here. This confirms that non-central
forces are crucial for the stability of the crystal structure of
all the considered NCS, which exhibit strong covalent inter-
action between a transition metal and Si atoms. The Debye
temperature (®p) is a fundamental attribute of a crystal
because it connects elastic properties with thermodynamics
properties such as specific heat, melting temperature, and
vibrational entropy. A simplified method*® for calculating
the Debye temperature from elastic constants has been used.
The calculated values of ®p, for all the studied NCS are also
presented in Table IV. These values are comparable with
their corresponding experimental values in this table.
Finally, inserting the calculated values of ®p and £ into the
McMillan’s formula,51 the values of T, are determined to be
0.90, 3.09, and 3.17K for LalrSi;, LaRhSi;, and LaPdSis ,
respectively, which are in reasonable agreement with their
experimental values of 0.77, 2.16, and 2.65 K 222630 The
calculated T, values are also comparable with the obtained
values from the modified Allen-Dynes formula [see Eq. (3)],
which are shown in Table III.

VI. SUMMARY

We have reported the structural, elastic, electronic, pho-
nonic, and electron-phonon interaction properties of the La-
based NCS, such as LalrSi;, LaRhSi53, and LaPdSis, adopting
the body-centred tetragonal BaNiSn; type structure, by using
the generalized gradient approximation of the density func-
tional theory and the plane wave ab initio pseudopotential
method. The electronic band structures of all the studied
NCS look similar to each other, but the splitting effects due
to non-inversion symmetry on LaRhSi; and LaPdSi; are less
pronounced because of the smaller masses of their transition
metals in comparison to the transition metal mass of LalrSis.
In particular, when the SOI is taken into account, the largest
vertical splitting value for LalrSis is found to be 0.35eV.
The observation of small splitting of bands around the Fermi
surface may be a sign that a mixing of spin-singlet and spin-
triplet components in these NCS is weak and spin-singlet
Cooper pairs dominate. The critical assessment analysis of
structural and electronic properties of these materials sug-
gests that the bonding in these NCS can be classified as an
interplay between covalent, metallic, and ionic characters.
Although the largest contribution to N(Er) comes from the p
electrons of Si(1,2), the d electrons of La and transition

metal atoms also make considerable contributions to the
value of this quantity. This observation indicates the active
role of all constituents in determining the electronic and
superconducting properties of these NCS.

The calculated Eliashberg spectral function with and
without SOI shows that the largest contribution to electron-
phonon coupling comes from low frequency phonon modes,
but high frequency phonon modes are also involved in the
process of scattering of electrons due to the significant exis-
tence of Si(1,2) p electrons at the Fermi level. With the
inclusion of SOI, the average electron-phonon coupling
parameter does not change more than 7%. This small change
can be related to the small splitting of electronic bands at E.
Inserting the values of average electron-phonon coupling
parameter and logarithmically averaged phonon frequency
into the McMillan formula, the values of superconducting
temperatures are found to be 0.89 K for LalrSi;, 2.40K for
LaPdSi;, and 2.56K for LaRhSi;. These values compare
very well with their experimental values of 0.77, 2.65, and
2.16 K.

Furthermore, using the second-order elastic constants,
the Debye temperatures of these NCS are calculated to be
300K for LalrSi;, 372K for LaPdSi;, and 367K for
LaRhSi;. Inserting the values of average electron-phonon
coupling parameter and Debye temperature into the
McMillan formula, the values of superconducting tempera-
tures are obtained to be 0.90 for LalrSis, 3.17 for LaPdSis,
and 3.09K for LaRhSi;, which are also comparable with
their experimental values. Thus, we can conclude that the
superconductivity in LalrSi;, LaRhSi3;, and LaPdSi; must
arise from the phonon-mediated electron-phonon interaction
with BCS type character.
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