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Abstract

We have performed ab initio study of structural, electronic, vibrational and electron-
phonon interaction properties of LaPt3Si and LaPtSiz3 by employing the density
functional theory, a linear-response formalism, and the plane-wave pseudopotential
method. The electronic structure, phonon dispersion relations and the Eliashberg
spectral function for these materials have been examined with and without the
inclusion of spin-orbit interaction (SOI). Our electron-phonon interaction results
reveal that the influence of spin-orbit interaction on phonons and superconduc-
tivity in these noncentrosymmetric superconductors is very small. Thus, we can
conclude that a mixing of the spin-singlet and the spin-triplet components in these
superconductors is weak and the spin-singlet Cooper pairs dominate. By integrat-
ing the Eliashberg spectral function a?F(w), the average electron-phonon coupling
parameter A is obtained to be 0.470 for LaPt3Si and 0.488 for LaPtSis, indicating
these to be weak-coupling BCS superconductors. Using an acceptable value of p*
= 0.13 for the effective Coulomb repulsion parameter, the superconducting critical
temperature 7, is calculated to be 0.67 K for LaPt3Si and 1.39 K for LaPtSis, in
good accordance with experimental values of 0.65 K and 1.52 K, respectively.
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Noncentrosymmetric (NCS) superconductors have been known for decades but have
become an outstanding research topic recently following the discovery of super-
conductivity in CePt3Si [1]. The superconducting order parameters in NCS super-
conductors cannot be categorized in terms of parity, and the coexistence of both
spin-singlet and spin-triplet states is permitted [2-6]. Two types of NCS super-
conductors have been noted: strongly correlated systems such as CePt3Si [1] and
Ulr [7], and weakly correlated systems such as LisPt3B and Y,Cjs [8,9]. The super-
conducting properties of heavy-fermion NCS superconductors are strongly affected
by electron correlation effects, and the weakly correlated NCS superconductors pro-
vide a fertile ground for studying mixing of the singlet-triplet pairing derived from
the break down of inversion symmetry and a strong Rashba-type asymmetric spin-
orbit-coupling (ASOC) interaction. Despite the anticipation of mixed parity pairing
in NCS superconductors, single-gap BCS-like superconductivity is clearly found in
many NCS superconductors. For instance, LaPt3Si (with superconducting transition
temperature T. = 0.65 K), which is isostructural with CePt3Si, displays no sign of
magnetic order or strong electronic correlation. Thus, LaPt3Si is expected to be
an ideal system for studying the effect of the lack of inversion symmetry on the su-
perconducting state [1,10-14]. In addition, similar to LaPt35i, NCS superconductors
such as BaPtSi; [15], LaRhSi3 [16], CaPtSis [17,18], CalrSis [17,18], LaPtSiz [19] and
LaPdSis [19] also do not exhibit strong electronic correlations, and exhibit supercon-
ductivity with the BCS characteristics at ambient pressure. Recently, Krannich and
co-workers [20] have measured the dispersion of transverse acoustic and low energy
optical phonon branches for CePt3Si along the [110] direction using inelastic neu-
tron scattering . In these branches they have found deviations from their ab initio
lattice dynamical calculations, which overall gives good explanation of the phonon
dispersion in CePt3Si. Thus, they emphasize that the lattice dynamics of CePt3Si
is conventional and that the observed deviations between their experimental and
theoretical calculations are not linked to effects of ASOC. These authors have also
mentioned that a strong Rashba-type ASOC plays less a role in noncentrosymmetric
superconductors than widely believed [20].

The discovery of superconductivity in NCS materials has motivated theoretical
physicists to study their structural, electronic, vibrational and superconducting
properties. Bauer and co-workers [15] have studied electronic, phononic and su-
perconducting properties of BaPtSi3 by using the density functional theory (DFT)
within the local density approximation (LDA). This theoretical work [15] has men-
tioned that the non-inversion symmetry plays only a minor role for the supercon-
ducting properties of BaPtSi3 due to rather small spin-orbit splitting at the Fermi
energy level. The electronic structures of CaPtSiz and CalrSiz have been calculated
by means of the full-potential linearised augmented plane wave (FLAPW) [21]. This
theoretical work [21] reveals that the electronic structures of these superconductors
display similarities to the corresponding structure of BaPtSiz [15]. Terashima and
co-workers [22] have performed angle-resolved de Hass-van Alphen (dHvA) measure-
ments and FLAPW band-structure calculations for LaRhSi3. They have indicated
that the dHvA frequency branches observed in this superconductor can quantita-
tively be described by the calculated Fermi surface, which is composed of three
pairs of inversion-asymmetry-split sheets. The electronic properties of LaPdSis have



been investigated by using the full-potential local-orbital method (FPLO) within
the density functional theory [23]. This theoretical work reveals that the influence of
spin-orbit coupling in this NCS superconductor, particularly in small energy range
around the Fermi level, is rather low. Recently, the electronic structure of LaPt3Si
has been calculated by using the DFT within the LDA [20]. Very recently, Uzunok
and co-workers [24] have carried out an ab initio study of the electronic, vibrational
and electron-phonon interaction properties of CalrSiz by employing the DFT, a
linear response formalism, and the plane-wave pseudopotential method. This theo-
retical work reveals that the influence of spin-orbit interaction (SOI) on the average
electron-phonon coupling parameter is very small. Thus, Uzunok and co-workers [24]
conclude that a mixing of the spin-singlet and the spin-triplet components in the
superconducting condensate is weak and the spin-singlet Cooper pairs dominate.

In spite of some theoretical progress in examining the electronic properties of LaPt3Si,
no experimental or theoretical works have been performed to investigate the elec-
tronic properties of LaPtSiz. Furthermore, the electron-phonon interaction proper-
ties of these materials have not yet been investigated. It is important to examine
the spectral distribution function of the electron-phonon interaction as a number
of important physical properties of solids are goverened by it, such as the electrical
and thermal resistivities, superconductivity, softening of phonon modes, renormal-
ization of the low-temperature electronic component of the heat capacity, and a
number of other physical phenomena. For this reason, this work is aimed at mak-
ing ab initio calculations of the structural and electronic properties of LaPt3Si and
LaPtSiz by using a generalized gradient approximation (GGA) of the DFT with
and without the inclusion of spin-orbit interaction (SOI) [25]. We have further per-
formed ab initio linear response calculations [25] of phonon dispersion relations and
electron-phonon matrix elements in these NCS materials. A detailed comparison of
the SOI and non-SOI electronic structures and the electron-phonon matrix elements
is made. The phonon density of states and the electron-phonon matrix elements are
used to determine the Eliashberg spectral function [26,27], from which the average
electron-phonon coupling parameter can be determined. Using the average electron-
phonon coupling parameter and the logarithmic average of phonon frequency, we
finally compute the superconducting transition temperature.

1 Theory

All calculations have been made using the density functional theory with and with-
out SOI. We have used the plane wave-pseudo-potential method as implemented
in the QUANTUM-ESPRESSO simulation package. The atomic pseudopotentials
generated using the projected-augmented wave [25] (PAW) are used to simulate
interactions between valence electrons and ion cores, and the electron wave func-
tion is expanded in plane waves up to an energy cutoff of 60 eV for all calcula-
tions. The electron exchange—correlation energy is evaluated using the GGA of the
Perdew—Burke-Ernzerhof (PBE) formalism [28]. Self-consistency in solutions to the
Kohn-Sham equations [29] is achieved by considering special k points within the ir-



reducible Brillouin zone (IBZ). The energy calculations in the simple tetragonal IBZ
have been made with a (8 x8x8) k-point mesh using the Monkhorst-Pack scheme [30]
while a (24x24x24) Monkhorst-Pack k-point grid has been utilized to describe the
electronic properties of both materials.

Phonon calculations for both materials have been performed within the framework of
the self-consistent density-functional perturbation theory[25] with and without SOL.
Within this approach, second-order derivatives of the total energy are computed to
determine the dynamical matrix. A static linear response of the valence electrons
is considered in terms of the variation of the external potential corresponding to
periodic displacements of the atoms in the unit cell. The screening of the electronic
system in response to the displacement of the atoms has been taken into account in
a self-consistent manner. We have used a (8x8x8) grid for sampling the irreducible
segment of the Brillouin zone (BZ) in our phonon calculations for both materials.
We find that the phonon frequencies for both studied materials are accurate to
within 0.05 THz for the present choice of the kinetic energy cutoff and the special
k points. In order to achieve phonon dispersion curves and density of states, we
have computed 18 dynamical matrices for LaPt3Si and 13 dynamical matrices for
LaPtSi3 on a 4x4x4 grid in q space. Finally, these dynamical matrices have been
Fourier transformed to procure the full phonon spectrum and density of states. The
technique for the calculation of the electron-phonon interaction has been explained
in detail in our previous study [32]. Fermi-surface sampling for the evaluation of the
electron-phonon matrix elements has been made using 24 x24x24 k-mesh with a
Gaussian width 0.02 Ry. The phonon density of states and the Eliashberg function
have been also worked out using this k-mesh.

2 Results

2.1 Structural and Electronic Properties

LaPt3Si crystallizes in a simple tetragonal CePt3B-type crystal structure lacking in-
version symmetry, with space group P4mm, and one formula unit per primitive unit
cell. The five atoms inside a primitive unit cell can be grouped as four nonequivalent
crystallographic sites: La, Pt1, Pt2, and Si according to the symmetry. The atomic
positions are: La (1b) (1/2, 1/2, z1,), Pt1 (2¢) (1/2, 0, zpn), (0, 1/2, zpy ), Pt2 (1a)
(0,0,0) and Si (1a) (0, 0, zg;). As a consequence, this simple tetragonal structure is
formed by two lattice parameters (a and ¢) and three internal parameters (zpq, Zps
and zg;). The calculations have been performed to find total energy results, which
are then fitted into Murnaghan equation of state to calculate bulk modulus (B).
The calculated equilibrium lattice parameters (a and c), the equilibrium volume
(V), the internal parameters (z1,, zp; and zg;), the Pt1-Si bond length (dpy—g;),
the Pt2-Si bond length (dpi2—g;) and the bulk modulus (B) are given in Tab. 1,
together with previous experimental [1] and theoretical [20] results. The calculated
lattice constants a and ¢ vary from their experimental values [1] within 1.0% and



1.4%, respectively, while the calculated internal parameters are comparable with
their LDA values [20]. However, to the best of our knowledge, experimental data
is not available for bulk modulus. Fig. 1 displays the illustration of the tetragonal
structure of LaPt3Si, using the structural parameters from Tab. 1. Each Si atom
coordinates with four basal Pt1 atoms and one apical Pt2 atom. The values of bond
lengths are calculated to be 2.424 A for the Pt1-Si bond and 2.326 A for the Pt2-
Si bond. These both values are shorter than the value of 2.47 A determined from
the summation of the atomic radii: 1.36 A for Pt and 1.11 A for Si. These results
indicate strong covalent bonds between Pt and Si atoms.

LaPtSi3 crystallizes in the body-centred tetragonal BaNiSnjs of crystal structure with
one formula unit per primitive unit cell is characterized with space group [4mm. The
crystal structure, displayed in Fiig. 2, has no mirror plane perpendicular to the z—axis.
Each Pt atom is in five—fold coordination formed by four basal Si2 atoms and one
apical Sil atom. The atomic configuration in each unit cell is composed of one La
atom at the (2a) (0, 0, 0) position, one Pt atom at (2a) (0.00, 0.00, zp;), one Sil
atoms at (2a) (0, 0, zg;1) and two Si2 atoms at (4b) (0,1/2,zg2), (1/2, 0, 2g2). Thus,
this structure is characterized by two lattice parameters (a and ¢) and three internal
parameters (zpy, zgi1 and zg;). The calculated equilibrium lattice parameters (a
and ¢), the equilibrium volume (V'), the internal parameters (zp;, zgi1 and zg),
the Pt-Sil bond length (dp;_g;1), the Pt-Si2 bond length (dp;_g;) and the bulk
modulus (B) are given in Tab. 1, together with previous experimental results [19].
The variation of @ and ¢ from the recent experimental values [19] is 0.7% and 0.4%,
respectively. However, to the best of our knowledge, experimental data does not
exist for bulk modulus and the three internal parameters. The Pt-Si bond lengths
are found to be 2.441 A for Pt-Sil and 2.360 A for Pt-Si2. These values are shorter
than the sum of the covalent radii of Pt and Si (2.47 A) and thus suggest a strong
covalent bonding between these atoms. Each Sil atom is in four—fold coordination
formed by four Si2 atoms with the interatomic distance of 2.544 A. This distance is
longer than the corresponding value of 2.352 A in the diamond Si, thus indicating
the presence of weaker Si-Si bond as compared to that in the diamond Si.

Fig. 3 displays the analysis of the band structure of LaPt3Si with and without SOI.
According to the calculated band structure, LaPt3Si is a three-dimensional metal;
some bands with large dispersion cross the Fermi level in spite of the apparent
two dimensionality in its atomic structure. A comparison of the calculated band
structures with and without SOI reveals that several degenerate bands are spin-orbit
split but by different amounts. Of particular interest is to note that there is a clear,
but small, splitting of bands in the window of +1.0 eV around the Fermi energy. The
maximum band splitting in this energy window is 250 meV. However, the splitting
of bands is very small close to the Fermi level. As a consequence, we can expect
that a mixing of spin-singlet and spin-triplet components in the superconducting
condensate is weak and spin-singlet Cooper pairs dominate.

The total and partial electronic density of states (DOS) with SOI for LaPt3Si are
presented in Fig. 4. The total DOS shows several interesting features which can
be better understood by examining the partial DOS. The lowest peak at -9.5 eV



includes high degree of hybridization of Pt electronic states with Si 3s states, which
confirms a covalent interaction between Pt and Si atoms. This peak is well sep-
arated by a gap of 1.3 eV from the main valence band region from -7.6 eV to 0
(the Fermi level). For energy window from -7.6 to -0.6 eV, the DOS features are
mainly characterized by Ptl and Pt2 5d orbitals with lesser contribution from La
5d and Si 3p orbitals. We have to identify the origin of the density of states at the
Fermi level, which is crucial for governing superconducting properties since Cooper
pairs are constituted by electrons which possess energies close to Fermi level. The
partial DOS indicates that, although the contributions from the Pt atoms dominate
near the Fermi level, all three atomic species are involved in the bands at and just
above the Fermi level; note specially that La is not fully ionized to the 3* state.
The characters at the Fermi level consist primarily as the Pt(1,2) 5d, La 5d, Si
3p and Pt(1,2) 6p states. This picture confirms that LaPt3Si is a strongly three-
dimensional metal with all atoms contributing to the metallic character. The value
of the DOS at the Fermi level (N (EF)) with SOI amounts to 2.57 States/eV, which
is almost equal to the corresponding value of 2.59 States/eV without SOI. This
result confirms our hypothesis that a mixing of spin-singlet and spin-triplet com-
ponents in the superconducting condensate is weak and spin-singlet Cooper pairs
dominate. The contributions of La, Pt1, Pt2, Si to N(EFr) are approximately 23%,
41%, 23% and 13%. In particular, the total contribution of Ptl and Pt2 atoms to
N(EF) is approximately 64%. Thus, we can conclude that the d and p electrons of
Pt(1,2) have the main effect on the superconducting properties of LaPt3Si because
a large density of states at the Fermi level (NV(FEFr)) gives rise to an enhancement
in the electron-phonon coupling parameter () according to the McMillan-Hopfield
expression

N(EF) <I?>

A\ =
M < w? >

(1)

where < w? > signals the average of squared phonon frequencies, M is the average
atomic mass, and < I? > is the Fermi surface average of squared electron-phonon
coupling interaction. According to the McMillan-Hopfield expression, the value of
electron-phonon coupling constant (\) grows linearly with rising N(EF).

Fig. 5(a) shows the electronic band structure of LaPtSiz with and without SOI. As is
the case with LaPt3Si, when SOI is included, the degeneracy of the electronic bands
is lifted along all basal-plane directions, but not along the Z-I" symmetry direction.
When SOI is included, fourfold and sixfold band-degeneracies are lifted in all crystal
types, even in crystals with inversion symmetry. However, two-fold degeneracies
would only be lifted perpendicular to directions along which the inversion symmetry
is missing. In both materials considered in this work, inversion symmetry is not
conserved along z-axis and thus two-fold degeneracies are not lifted along the I'-Z
and X-R directions. In Fig. 5(a), the bands close to the Fermi level are split by an
amount of at most 50-200 meV. In order to analyse the electronic band structure of
LaPtSis in detail, its total and partial DOS are calculated and presented in Fig. 5
(b). We can see that the DOS features below -6.5 eV are mainly contributed by
Si(1,2) electronic states with some contributions from the electronic states of La



and Pt electronic states. Thus, we can conclude that the bands in this region have a
complex character. For the energy window from -6.5 to -3.0 eV, there is a high degree
of hybridization of Pt d orbitals with Si(1,2) p orbitals, which highlights a covalent
interaction in this material. The main valence band complex (from -3.0 eV to the
Fermi level) consists of contributions from all atoms in the material. Furthermore,
near the Fermi level, electronic bands show an appreciable dispersion along the Z-I"
symmetry direction, indicating that this material is also a three-dimensional metal in
spite of the visible two dimensionality in its atomic structure. The orbital analysis
of the DOS reveals the following atomic contributions: La (23%), Pt (20%), Sil
(18%) and Si2 (39%). The total DOS at the Fermi level (N (EF) without SOl is 1.51
States/eV, and with SOl is 1.50 States/eV. Once again, the effect of SOI on the value
of N(EF) is negligible. We have to mention that a similar observation has been made
for CalrSis [24] which is a compound isostructural to LaPtSiz. Furthermore, we have
to mention that the total contribution of Si(1,2) p states to N(Er) is around 50%.
Thus, we suggest that the p electrons of Si atoms and Si-related vibrations play an

important role in the determination of the superconducting critical temperature of
LaPtSig.

2.2 Phonons and electron-phonon interaction

LaPt3S5i: We first examine the zone-centre phonon modes of LaPt3Si classified by
the irreducible representations of the simple tetragonal point group cy,(4mm). The
simple tetragonal structure of LaPt3Si has twelve zone-centre optical phonon modes

F(c4v(4mm)) :3A1 (&) 4F D Bl.

Phonon modes with one-dimensional representations A and B contain vibrations of
relevant atoms along the z—direction, while modes with doubly-degenerate represen-
tation E atomic vibrations of relevant atoms in the x—y plane. The frequencies of
the zone-centre phonon modes with and without SOI are given together with their
electron-phonon coupling parameters in Tab. 2. This table clearly depicts that the
influence of SOI on the zone-centre phonon frequencies and their electron-phonon
coupling parameters is tiny. This result is expected because the effect of SOI for
LaPt3Si in a small energy window around the Fermi level is rather small. Further
analysis of Tab. 2 shows that the electron-phonon coupling parameter for the low-
est Ay and B; modes is larger than the corresponding parameter for the rest of
zone-centre phonon modes. Thus, it will be interesting to examine the atomic dis-
placement patterns of these two phonon modes. These are presented in Fig. 6. The
lowest A; mode arises from opposing vibrations of Pt and Si atoms against La atom
along the z—axis while the B; mode involves only the same type Pt atoms oscillating
against each other along the z—axis. We have to mention that both phonon modes
include considerable vibrational contribution from Pt atoms. This result is expected
because strong displacements of Pt atoms can give rise to strong electron-phonon
interaction due to the significant contribution of Pt d electrons at the Fermi level.

Fig. 7 illustrates the phonon dispersion spectrum of LaPt3Si along different symme-



try lines of the simple tetragonal. Brillouin zone and the corresponding total and
atom-projected density of states. A few remarkable features of the phonon spectrum
can be noted. Firstly, no imaginary phonon frequency modes are found at any sym-
metry direction. Thus, at the calculated equilibrium volume of LaPt3Si, all phonon
modes are stable, indicating LaPt3Si is stable dynamically in the simple tetragonal
CePt3B structure. Secondly, there are two forbidden gaps with frequencies of mag-
nitudes 4.1 and 2.3 THz in the phonon dispersion relations of LaPt3Si due to large
mass difference between La (or Pt) and Si atoms. Thirdly, because of these two for-
bidden gaps, the phonon dispersion spectrum for LaPt3Si can be divided into three
definite regions: first frequency band (FFB) (0-5.3 THz), second frequency band
(SFB)(9.4-9.7 THz), and third frequency band (TFB) (12.0-12.80 THz). There are
three acoustic and nine optical branches extending up to 5.3 THz in the FFB and the
acoustic phonon modes are dispersive up to 2.8 THz. All nine optical phonon modes
in this frequency region are also dispersive like the three acoustic phonon modes.
However, both optical phonon modes in the SFB and the highest optical phonon
mode in the TFB are nearly flat. The nature of the phonon dispersion relation can be
well understood from the total and partial phonon density of states. Analyzing the
total and atom-projected density of states in Fig. 7, one can see that, as expected,
Si as the lightest element in the material dominates the SFB and TFB. However, a
much smaller Si contribution has been observed in the FFB, while Pt, the heaviest
atom, dominates this frequency band. Furthermore, La atom also makes significant
contribution to the FFB due to its heavier mass than the mass of Si atom.

As we have mentioned before, Krannich and co-workers [20] have recently inves-
tigated the dispersion of transverse acoustic and low energy optical branches for
CePt3Si along the I'-M direction. Since CePt3Si is isostructural to LaPt3Si and the
ionic radius and local environment of Ce and La are similar, the major difference in
their phonon spectrum is expected to come from the mass difference between Ce and
La. Thus, we have calculated the dispersion of phonon branches for CePt3Si along
the I'-M direction by using the force constant matrix of LaPt3Si. Fig. 8 presents
comparison of calculated (lines) and experimental data (filled squares). Our calcu-
lated results for CePt3Si are in good agreement with experimental data [20]. As we
have mentioned before, the influence of SOI on phonons in LaPt3Si is very small.
As a consequence, we can emphasize that the lattice dynamics of both materials
are conventional. Furthermore, we can conclude that the ASOC plays less impor-
tant role in these noncentrosymmetric superconductors than is commonly thought.
We have to mention that a similar observation has been made in the LDA work of
Krannich and co-workers [20].

LaPtSi3: The primitive unit cell of body-centred tetragonal LaPtSis includes one
formula unit (total five atoms), giving a total of 15 phonon bands, containing three
acoustic bands and twelve optical bands. The zone-centre optical phonon modes
correspond to following irreducible representations:

[(cyy(dmm)) = 4E & 3A; & By.

The frequencies of zone-centre phonon modes for LaPtSiz with and without SOI are
given together with their electron-phonon coupling parameters in Tab. 3. This table



evidently reveals that the influence of SOI on the zone-centre phonon frequencies
and their electron-phonon coupling parameter is not very large. Our electron-phonon
interactions results for LaPtSi3 suggest that the electron-phonon coupling parame-
ters of the By and the highest A; phonon modes are larger than the corresponding
parameters for the rest of phonon modes. The eigenvector representations of these
phonon modes are illustrated in Fig. 9. For the highest A; phonon mode, Si2 atoms
vibrate against each other along the [001] direction while the B; phonon mode arises
due to opposing motion of Sil and Si2 atoms. In contrast to LaPt3Si, the phonon
modes in LaPtSi3 with larger electron-phonon coupling parameters do not include
vibrations of Pt atoms. We have expected this result for LaPtSiz because the p elec-
trons of Si(1,2) atoms make large contribution to N(FEp). A similar observation has
been made for the electron-phonon interaction in CalrSiz [24] which is isostructural
to LaPtSis.

Fig. 10 illustrates the phonon dispersion spectrum of LaPtSi3 along different sym-
metry lines of the body-centred tetragonal Brillouin zone and the corresponding
total and atom-projected density of states. Again, all phonon modes have positive
frequencies, strongly suggesting that the optimized LaPtSiz structure is also dynam-
ically stable. The phonon spectrum of LaPtSi3 has a frequency range of about 11.7
THz. In particular, the phonon spectrum depicts a set of 8 branches extending up to
around 6.8 THz, separated by a gap of 0.2 THz from high-frequency branches that
lie between 7.0THz and 11.7 THz. The partial phonon density of states show that
Si-related phonon densities are quite dispersive, contributing to lattice vibrations
over the whole range of phonon frequencies due to its smaller mass than the masses
of La and Pt. Modes comprised of vibrations of all three atomic species are located
below 3.9 THz. However, La and Pt vibrations almost disappear above 3.9 THz due
to their heavier masses.

The main target of this work is to view the strength of the electron-phonon in-
teraction in LaPt3Si and LaPtSiz in order to explicitly understand the source of
superconductivity in these NCS superconductors. We display the Eliashberg func-
tion a?F(w) and the average electron-phonon coupling parameter together in Fig 11.
In general, the phonon frequency variation of the Eliashberg function for both mate-
rials is similar to the variation of their phonon density of states. From the knowledge
of a?F(w), we are able to obtain the average electron-phonon coupling constant A,
which gives a good measure of the overall strength of the electron-phonon interac-
tion; it is given by

A= /)\(w)dw - 2/0‘2F(“)dw. 2)

w

The value of the average electron-phonon coupling parameter \ is found to be 0.470
and 0.488 for LaPt3Si and LaPtSis,respectively, which suggests that the electron-
phonon interaction in both materials is of weak strength. When SOI is not included,
these values are changed to 0.466 and 0.487 for LaPt3Si and LaPtSis, respectively.
Now, we can conclude that the effect of SOI on the value of the average electron-
phonon coupling parameter is negligible for both materials. This finding certainly



supports our hypothesis that spin-singlet Cooper pairs dominate in both materials.

The value of superconducting transition temperature 7T, can be calculated from the
Allan-Dynes modification of the McMillian formula [27]

Win 1.04(1 + )
T — 0 _
¢ T 1.25P ( A= (1+0.62)) ) 3)

which links the value of T, with A, the logaritmically averaged phonon frequency
Wi = exp (2)\_1 I %‘*’OPF (w)In w), and the effective screened Coulomb repulsion
constant p*. The value of p* is taken to be 0.13 for both materials while the value of
Wiy, is determined to be 126.61 K and 213.94 K for LaPt3Si and LaPtSis, respectively.
Inserting the values of A, wy, and p* in Eq. (3), the value of T, is obtained to be
0.67 K and 1.39 K for LaPt3Si and LaPtSis, respectively. These values compare
very well with the respective experimental values of 0.65 K [1] and 1.52 K [19].
We thus conclude that in spite of their layered structures, in LaPt3Si and LaPtSis
superconductivity can be explained in terms of conventional weak-coupling theory,
a situation similar to CalrSiz [24].

The electronic specific heat coefficient () is related to N(Er) and A by

. ;Hk%N(EF)(l ). ()

Using the above equation, the value of v is calculated to be 8.9 — mJ Tees and 5.2 "“;JK2
for LaPt3Si and LaPtSi3, respectively. The calculated Value of ~ for LaPt3Si is in
excellent accordance with its experimental value of of 9 —™ K2 [1], while the calcu-
lated value of v for LaPtSis deviates from its experlmental value of 4.4 —22_ [19]
within 20%. We think that this descrepancy arises as a result of joint error margins
in the experimental and theoretical estimates. For example the value of v for super-

conductor BaPt,Ge;s is estimated to be 42 and 34 o Kg, respectively, by different
experimental groups [33,34]. The difference between "these values is more than %20.
Thus, we can conclude that the calculated value of v for LaPtSi3 is in accaptable
agreement with its experimental value of 4.4 —2, [19]. The observed agreement
supports that the scenario for superconductivity in these noncentrosymmetric su-

perconductors is conventional rather than an exotic one.

Finally, it will be interesting to compare our results for LaPt3Si with previous re-
sults for NdPt3Si [35,36]. These materials are isostructural to each other. However,
NdPt3Si [36] displays magnetic order rather that superconducting state. The value
of N(Er) for NdPt3Si is found to 3.2 States/eV which is larger that the correspond-
ing value of 2.57 States/eV for LaPt3Si. However, the value of v for NdPt3Si [36] is
found to be 7.54 s K2 which is lower that the corresponding value of 8.94 o K2

From Eq. 4, the Value of A for NdPt35Si is obtained almost zero. This finding explains
why NdPt3Si does not show superconductivity, while its isostructural LaPt3Si is su-
perconductor.
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3 Summary

In this study, we have presented a detailed ab initio analysis of the structural,
electronic, phononic and superconducting properties of LaPt3Si and LaPtSiz with
and without SOI by using the generalised gradient approximation of the density
functional theory and the linear response approach. Our structural results for both
noncentrosymmetric (NCS) superconductors agree well with available experimen-
tal results. In particular, the value of bulk modulus is found to be 145.6 GPa for
LaPt3Si and 117.1 GPa for LaPtSi;. Unfortunately, there are no previous experi-
mental and theoretical results for the bulk modulus for both materials and thus we
expect that our theoretical calculations will encourage future experimental and the-
oretical studies. Our electronic calculations reveal that both materials are strongly
three dimensional with all atoms contributing to their metallic character in spite of
the apparent two dimensionality in their electronic structures. From a critical assess-
ment of the total and partial electronic states, we have observed that the states close
to the Fermi level are primary contributed by Pt electronic states for LaPt3Si and
Si electronic states for LaPtSis. This result asserts active roles of Pt and Si atoms
in obtaining the electronic and superconducting properties of LaPt3Si and LaPtSis,
respectively. Our phonon calculations reveal that all phonon modes for both mate-
rials have real positive frequencies, strongly indicating that the optimized LaPt3Si
and LaPtSiz structures are dynamical stable.

Our electron-phonon interaction results for these NCS superconductors show that
the effect of SOI interaction on the Eliashberg function o?F(w) and the average
electron-phonon coupling parameter A is very small. This result confirms that a
mixing of the spin-singlet and the spin-triplet components in these superconductors
is weak and that the spin-singlet Cooper pairs dominate. Thus, we conclude that
superconductivity in these noncentrosymmetric superconductors has conventional
origin rather than an exotic one. By integrating the Eliashberg spectral function,
the average electron-phonon coupling parameter A is obtained to be 0.470 for LaPt3Si
and 0.488 for LaPtSis, suggesting that these materials are weak-coupling BCS super-
conductors. Using the Allen-Dynes modified McMillian equation, with the screened
Coulomb pseudopotential parameter p* = 0.13, the superconducting temperature
is calculated to be 0.67 K for LaPt3Si and 1.39 K for LaPtSis. These values are in
good accordance with their experimental values of 0.65 K for LaPt3Si and 1.52 K
for LaPtSis.
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Fig. 1. The simple tetragonal structure of LaPt3Si.
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onal crystal structure with and without SOL.

17



Density of States (States/eV)
?

2 0
(ev)

T T T T T
-2 -10 -8 - -

6 -4
Energy

~

R LA
[ERVEVAFEURY
! |

Density of States (States/eV)
i

Al |
! "~ g
(VAN
e N SRR AN N kS S
I T ! T T i I " T ' T

-12 -10 -8 —6‘ -4 -2 o 2 4‘ 6
Energy (eV%

10

©
|
|
(]
w
S

Density of States (States/eV)
i

-12 -10 -8 =

I L
-4 -2 0 2

=
Energy (eV

[}

Fig. 4. The calculated total and partial electronic density of states (DOS) with SOI for
LaPt3Si. The dashed line represents the Fermi energy level, Ep.

18



— With SOI
---- Without SOI

(@)
2.0
1.5-]
1.0+
> 4
L o5,
-
90.0—‘
2 4
w 70.&7\
-1.04
-1.5q
20
r
(b)
’>-\ — Total
o | La (5d)
D — Pt(5d)
Q --- Pt (6s)
8 PEEEAIC))
%)
N—
o
g
&5
B 2
2
(2]
c 14
o)
a
0—— R e )
-14 6 -4 2 6
Energy (eV)

— Total
Sil (3s)
5+ — Si1 (3p)
-~ S2(3s)
-~ Si2(3p)

Density of States (States/eV)

o

14 -12 -10 -8 -6 -4 -2 0 4 6

Energy (eV)

Fig. 5. (a) Electronic band structure of LaPtSis for high symmetry lines of the body-centred
tetragonal crystal structure with and without SOI. (b) The calculated total and partial
density of states (DOS) with SOI for LaPtSis. The dashed line represents the Fermi energy
level, Er.

19



2.14 THz
A=0.19

V=

2.96 THz
A=0.09

V=

Fig. 6. Eigenvector representation of the lowest A; mode and the By mode in LaPt3Si.

20



Frequency(THz)

67

47

27

0

I M X R Z T A R X I
14
N i — Total
T ---- La
= 12— Pt
B — Si
9 |
T 10—
L
7p]
g
8
7))
(-
(@]
2 !
= b
c 3
(D) )
a -

! /}\‘ T T T \
14

6 8 10
Frequency (THz)

Fig. 7. The calculated phonon spectrum for LaPt3Si and the corresponding total and
atom-projected density of states.

21



—~
N 12
I:I_: |
le—U _ 4
> ]
S 8
% |
o 6
o | |
o~ g 0o 80—
LL 49 o 5 0
m ——— m] B B
B ey o g
2 — & =] o m
- o g
a]
0

Fig. 8. The calculated phonon branches of CePt3Si along the I' — M symmetry direction.
The force constants for LaPt3Si were used. The red squares show the experimental results
from the inelastic neutron scattering work of Krannich and co-workers [20].

22



v =38.35THz
A=0.11

v=11.21THz
A=0.11

Fig. 9. Eigenvector representation of the By mode and the highest A; mode in LaPtSis.

23



Frequency (THz)

27
0 : : V : : V
I Gl Z I X P I N

J 12
T i
- — Total
B 10— Bt
9 — S
T
?, o
n
9
8 67
) i
IS
P
£
o 2
a |

0 .

0 12

Frequency (THz)

Fig. 10. The calculated phonon spectrum for LaPtSiz and the corresponding total and
atom-projected density of states.

24



. 12
| o) ?
A
3 - 0.8
\3/ | |-
T 06 A
c | |-
oat | - 0.4
> - 0.2
v ‘ ‘ ‘ \ 0.0
0 2 5 A . . iy
Frequency (THZ)
LaPtSj
1.2 12
10 —— GZF(OO) L
|\ k
/é\ 0.8+ o
(EL/ 06; k 0.6 A
c | — .
0.4+ B -~ .
0.2+ 0.2
» ] ! \ 0.0
° 12 14

é 8 10
Frequency (THz)

Fig. 11. The electron-phonon spectral function a?F(w) (red line) and the average elec-
tron-phonon coupling parameter A\ (blue line) for LaPt3Si and LaPtSis.

25



Table 1
Structural parameters for LaPt3Si (simple tetragonal) and LaPtSis (body-centred tetrag-
onal) their comparison with available experimental and theoretical results.

Material a(A) (A V(A zpe  zpan  zsi  dpi-si(A)  dppo_gi(A) B(GPa)

LaPt3Si 4157 5516 9532  0.149 0.648 0.422 2.424 2.326 145.6

LDA [20] 4.072 5442 90.23 0.147 0.650 0.412 2.424 2.242
Experimental [1] 4.115 5.438 92.10

Material a(A)  c(A) V(A3  zp;  zsa  zsiz  dpi_si(A)  dpi_sie(A) B(GPa)

LaPtSis 4376 9.672 95.63 0.647 0.395 0.261 2.441 2.360 117.1

Experimental [19] 4.347 9.637 91.07

Table 2
Calculated zone-centre phonon frequencies (v in THz) and their electron-phonon coupling
parameters (\) with and without spin-orbit interaction (SOI) for LaPt3Si.

Mode Ay E By E E Ay E Ay
v with SOI 2.14 218 296 347 3.74 439 9.68 12.54
v without SOI  2.15 2.21 294 3.53 3.77 438 9.64 1254
A with SOI 0.19 0.03 0.09 0.03 0.03 0.02 0.01 0.01
A without SOI  0.22 0.02 0.11 0.04 0.02 0.02 0.01 0.01

Table 3
Calculated zone-centre phonon frequencies (v in THz) and their electron-phonon coupling
parameters (\) with and without spin-orbit interaction (SOI) for LaPtSis.

Mode E Ay E Ay By E E Ay
v with SOI 2.76 3.36 4.38 7.84 834 863 992 11.21
v without SOI  2.89 3.46 439 7.84 836 861 992 11.18
A with SOI 0.08 0.07 0.06 0.03 0.11 0.06 0.02 0.11
A without SOI  0.06 0.07 0.06 0.03 0.11 0.05 0.02 0.11
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