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Electron-phonon coupling and nontrivial band topology in noncentrosymmetric superconductors
LaNiSi, LaPtSi, and LaPtGe
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The electronic structure and phonon properties of LaNiSi, LaPtSi, and LaPtGe have been studied using
the first-principles density functional calculations. The electronic density of states near Fermi level of these
compounds are dominated by the transition metal d orbitals and Si/Ge p orbitals, forming six sheets of Fermi
surfaces. The asymmetric spin-orbit coupling lifts the spin degeneracies and creates four topological Weyl
nodal rings around X points, protected by the nonsymmorphic symmetry and time-reversal symmetry. The
bare-electron susceptibility does not show a prominent feature, and electron-phonon coupling is sufficient to

explain the observed superconductivity.
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I. INTRODUCTION

Inversion symmetry and time-reversal symmetry are two
fundamental symmetries that profoundly affects the electronic
structures and physical properties in solids, and are of partic-
ular importance for the development of superconductivity. In
systems preserving inversion symmetry, the paired electrons
can be classified into either spin-singlet or spin-triplet states
according to their parities. The absence of inversion symme-
try therefore has a significant effect on the superconducting
pairing state [1-3]. In this case, the parity is no longer a good
quantum number, as a result of the antisymmetric spin-orbit
coupling (ASOC) effect [4—6]. Thus, the pairing state allows
for the admixture of spin-singlet and spin-triplet compo-
nents being conceptually different from the centrosymmetric
case [7]. Noncentrosymmetric superconductivity was first ob-
served in the heavy fermion compounds CePt;Si [8]. Later it
was also found in a number of weakly correlated compounds,
some of which even break time-reversal symmetry in the su-
perconducting state [1,3,9]. In Lip(Pd;_,Pt,)3;B, it was shown
that the mixed pairing state might be tuned by the ASOC
strength [10]. In this case, a conventional electron-phonon
pairing mechanism may lead to unconventional properties,
e.g., the existence of one fully opened gap and one nodal gap
due to the dominant contribution from the triplet states. Since
the spin degeneracy is lifted in noncentrosymmetric systems,
breaking time-reversal symmetry invalidates the Kramer pair,
leading to a more exotic superconducting state. For exam-
ple, when magnetic field is applied in noncentrosymmetric
superconductors, helical superconducting phase may present
[1,11]. It was also shown that topological superconductivity
may emerge in time-reversal symmetry broken noncentrosym-
metric superconductors [1,12,13].
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In addition to the effect in the superconducting state, these
symmetries also influence the normal state in a nontrivial
way. Electron states are at least doubly degenerate if both
symmetries are present in a crystal. Lack of inversion center
gives rise to nonzero ASOC, which lifts the SU(2) symmetry
and the spin degeneracy in the normal state. This may lead to
nontrivial band topologies in the normal phases [14]. In the
famous tantalum monopnictide family, the ASOC gaps out
most part of the nodal rings around Z and X, leaving only
doubly degenerate nodal points, i.e., Weyl nodes [15-17]. For
crystals with nonsymmorphic space groups, ASOC may also
lead to other nontrivial band topologies including Weyl-type
nodal rings, or hourglass semimetals [18,19].

LaT X (T = Ni, Pt; X = Si, Ge) belong to a family of non-
centrosymmetric superconductors which crystallize in a body-
centered tetragonal structure with nonsymmorphic symmetry
(space group 141/md, No. 109) [20-22]. While replacing Ni
with Pt in LaT X, the ASOC strength is expected to be en-
hanced, and the superconducting transition temperature 7. is
increased from 7, = 1.2 K in LaNiSi to 7. = 3.7 K in LaPtSi
[20]. Further detailed investigations of the superconducting
properties of these compounds are required, although initial
studies reported evidences for fully gapped s-wave behavior.
By comparing with first-principles calculation results together
with measurements of the specific heat, Kneidinger et al. pro-
posed fully gapped s-wave superconductivity for LaPtSi [23],
although the upper critical field value H.,(0) derived from the
resistivity is significantly large than that of bulk specific heat,
whose origin is still a puzzle. A previous uSR experiment
on LaPtGe also suggests fully gapped superconductivity in
the dirty limit [24]. More recently, however, evidence of
time-reversal symmetry (TRS) breaking behavior has been
observed [25]. In order to elucidate the underlying physics
of these phenomena, a systematic study of the electronic
structures and phonon spectra is required.

In this article we present our systematic theoretical results
of the noncentrosymmetric superconductors La7X (T = Ni,
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Pt; X = Si, Ge) [21-23]. Using first-principles density func-
tional theory method, we have studied the band structure,
density of states (DOS), band topology, bare electron sus-
ceptibility, and phonon properties of these compounds. The
DOS of these compounds near Fermi level are dominated by
the d orbitals of transition metal 7 and p orbitals of Si/Ge.
The ASOC lifts the spin degeneracy and splits the energy
band, leading to six sheets of Fermi surface. As a result, four
Weyl nodal rings are buried below the Fermi level in these
compounds. The bare electron susceptibility does not show
any prominent feature in the whole Brillouin zone (BZ), thus
the Cooper pairings are unlikely due to spin or charge fluctua-
tions. Finally, using density functional perturbation theory, we
show that the electron-phonon coupling is sufficient to explain
the observed superconductivity.

The rest of this article are organized as follows. In the next
section we shall briefly report the method and parameters we
employed in our calculations. The electronic structure results
are then presented, focusing on the band structure, DOS, and
bare electron susceptibility. These results are followed by
band topology analysis and phonon properties. Finally, we
conclude our article.

II. METHOD

The reported electronic structure of LaTX (T = Ni, Pt;
X = Si, Ge) was obtained using plane-wave basis density
functional method as implemented in VASP [26,27]. In par-
ticular, the projected augmented wave (PAW) method and
Perdew-Burke-Ernzerhoff (PBE) flavor of generalized gra-
dient approximation was employed. The energy cutoff was
chosen to be 400 eV, and the Brillouin zone was sampled
with 12 x 12 x 12 K mesh to ensure the convergence. For
the self-consistent calculations, we used Gaussian smearing
for Brillouin zone integration, while the tetrahedra method
was employed to calculate the DOS. Both the lattice constants
and the atomic internal coordinates were optimized so that
forces on each atom were smaller than 0.01 eV/A and internal
stress less than 0.1 kbar. The first-principles results were then
fitted to a tight-binding model Hamiltonian using maximally
localized Wannier functions (MLWF) [28,29] for both calcu-
lations with and without SOC. The results were then used
to determine the topological properties of the band structure.
For phonon related properties, we have employed density
functional perturbation theory as implemented in QUANTUM
ESPRESSO (QE) [30]. The geometry and electronic structure
obtained by QE were also carefully checked against the results
from VASP.

III. RESULTS AND DISCUSSION

The LaT X (T = Ni, Pt; X = Si, Ge) compounds crystallize
in noncentrosymmetric body-centered tetragonal phase with
nonsymmorphic symmetry (space group I4;/md, No. 109).
The crystal structure and its Brillouin zone are shown in
Fig. 1. This space group contains two mirror planes (M, and
M,), as well as two gliding mirror planes (M,, and My,).
The relaxed lattice constants and internal coordinates of each
compound are summarized in Table I.
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FIG. 1. (a) Conventional cell of LaTX (T = Ni, Pt; X = Si,
Ge). The red, blue, and yellow atoms are La, Pt/Ni, and Si/Ge,
respectively. It is worth noting that the conventional cell is twice
as large as the primitive cell. (b) Brillouin zone and high symmetry
points of LaT X (T = Ni, Pt; X = Si, Ge) primitive cell. The green
dashed lines are the high symmetry lines used for band structure
calculations. (a) Geometry; (b) BZ.

A. Electronic structure

The calculated band structures of LaTX (T = Ni, Pt; X
= Si, Ge) are shown in Fig. 2, which shows rather similar
behavior. Thereafter, we will elucidate the band dispersion
based on the results of LaPtGe, unless it is specified otherwise.
For LaPtGe, the La-5d, Pt-5d, and Ge-4p orbitals dominate
the electronic states of the conduction band from Er — 5.5eV
to Ep + 1.5 eV. Without spin-orbit coupling (SOC), three
bands (six bands including spin degeneracy) crosses the Fermi
level, forming three Fermi surface sheets. Two of these bands
located at approximately Er — 0.4 eV and Er + 0.5 eV are
nearly flat from I" to Z, while the one formed by Pt-5d,» and
La-5d,>_,» is very dispersive and crosses the Fermi level. The
LaPtSi band structure is similar, whereas the LaNiSi bands are
less dispersive than both LaPtGe and LaPtSi, indicated by its
reduced bandwidth (from Er — 4.5eV to Er 4+ 1.5eV), and is
most prominent on the bands crossing the Fermi level between
Z' and X [Figs. 2(a) and 2(c)]. Close to the Fermi level,
both Pt-5d and Ni-3d orbitals have significant contribution
to the DOS, therefore substitution of Pt by Ni is expected to
strongly affect the SOC splitting. The contribution from Si-3p
or Ge-4p orbitals are mainly located ~0.4 eV below Fermi

TABLE 1. Lattice constants and internal coordinates of each
compound. The lattice constants are in Angstroms, whereas the
coordinates of the atoms are in units of the lattice constants.

LaNiSi LaPtSi LaPtGe
a 4.1860 4.2734 4.2954
c 14.0123 14.6244 15.1543

La 0.000, 0.000, 0.579 0.000, 0.000, 0.580 0.000, 0.000, 0.580
T 0.000,0.000,0.168 0.000, 0.000,0.167 0.000, 0.000, 0.165
X 0.000, 0.000, 0.000 0.000, 0.000, 0.000 0.000, 0.000, 0.000
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FIG. 2. Band structure and DOS of LaNiSi (a) and (d), LaPtSi (b) and (e), and LaPtGe (c) and (f) without (a)—(c) and with SOC (d)—(f).
In the left panels of (a)—(c), the sizes of red, blue, and green circles are proportional to La-5d, Pt-5d /Ni-3d, and Si-3p/Ge-4p orbital weights;
while in the right panels, the black, red, blue, and green lines represent total DOS, projected DOS of La-5d, Pt-5d /Ni-3d, and Si-3p/Ge-4p
orbitals, respectively. In (d)—(f), the gray lines are results without SOC for comparing purposes. The red (blue) lines are states with i (—i)
eigenvalues for M, along I'-Z’, —i (i) eigenvalues for gliding mirror along I'-X, as well as states with e=™/4 (e¥37/4) eigenvalues for screw

symmetry along I'-Z.

level. As aresult, the substitution of Si by Ge only moderately
affects SOC splitting.

Figures 2(d)-2(f) shows the band structures of LaTX (T =
Ni, Pt; X = Si, Ge) with SOC. Since the crystal structure lacks
an inversion center, the spin degeneracy is lifted at general k
points once SOC is considered, therefore the Fermi surfaces
of these materials consist of six sheets. The states remain
doubly degenerate along X-Z' as well as I'-Z due to the
gliding mirror or screw symmetries. In particular, the crystal
symmetry and time-reversal symmetry allows only fourfold
degenerate state at Z point. By fitting the DFT results to
a tight-binding Hamiltonian using the maximally localized
Wannier functions (MLWF) method [28], we constructed
the Fermi surfaces of these materials. Among the six Fermi
surface sheets, two of them are 3D drumlike enclosing the
I' point, two are quasi-2D cylindrical around X point, and
two are extended open 3D sheets [Fig. 3(a)]. Once SOC
is considered, the shape of the 3D drumlike sheets around
I' and the two quasi-2D cylindrical sheets around X are
similar, although their volumes vary due to the ASOC splitting
[Fig. 3(b)]. One of the extended open 3D sheets becomes
even more extended, forming an open Fermi surface atk, = &
plane. Therefore the electronic structure of these compounds
are mainly three dimensional despite its large c/a ratio.
The DOS at the Fermi level are n(Er) = 1.78, 2.01, and
2.87 states/(eV" f.u.), corresponding to y, = 4.19, 4.74, and
6.76 mJ/(mol K?) for LaPtGe, LaPtSi, and LaNiSi, respec-
tively. Experimentally, the specific heat measurement yields

y = 6.6 [24], 6.5 [23], and 8.89 mJ/(mol K?) [21] for LaPtSi
and LaNiSi, respectively. Assuming y = y.(1 + Velpn), we
obtain yeipn ranging from 0.3 to 0.6 for the LaT X (T = Ni, Py;
X = Si, Ge) family. These values are comparable to previous
calculation results [23].

Using the same tight-binding Hamiltonian, we have also
calculated the static bare electron susceptibility xo(q) using

1 (m|pk) (ukin) (n|vk + q)(vk + q|m)
Xxo(q) = ka Z Z

— 0+
mn vk Euk+q eﬂk + i0

X (fuk = fok+q)s

where €, and f,x are the band energy (measured from Er)
and occupation number of Bloch state |uk), respectively; |n)
denotes the nth Wannier orbital; and Nk is the number of the
k points used for the irreducible Brillouin zone (IBZ) integra-
tion. The imaginary part of y is obtained by calculating the
nesting function [31] using

1
fl@ =5 ; 8(€,1)8 (€vkctq)-

The resulting real part of o of LaNiSi, LaPtSi, or LaPtGe are
almost completely flat within the whole BZ [Fig. 3(c)]. This is
consistent with the fact that these materials are nonmagnetic.
The imaginary part of x( has a small hump close to the middle
of I'-Z’, but this feature is absent in either LaPtSi or LaPtGe
[32]. Therefore the charge or spin fluctuation is expected to
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FIG. 3. (a) Fermi surface of LaPtGe without SOC, (b) Fermi surface of LaPtGe with SOC, and (c) bare electron susceptibility xo of LaT X
(T =Ni, Pt; X = Si, Ge). (c) The red/black/blue lines are for LaNiSi/LaPtSi/LaPtGe, whereas the solid (dashed) lines are the real (imaginary)

parts of xo, respectively.

be negligible in these material, and the pairing mechanism are
most likely to be conventional BCS electron-phonon coupling.

B. Topological properties

We first identify some common features of the band struc-
ture in these compounds. Without SOC, there are three pairs
of doubly degenerate bands crossing the Fermi level, we label
them from low energy to high energy as bands 1/2, 3/4, and
5/6. Noticing that the electron count fills to band 4, therefore
we shall study the band crossings between bands 4 and 5. Un-
der SOC, the spin degeneracy at general k points are lifted due
to lack of the inversion symmetry. However, the Kramer pairs
are preserved due to the preserved time-reversal symmetry
at all time-reversal invariant momenta (TRIM), including I"
0, 0,0),N (0, m,0), X (0,0, 7), and Z (;r, 7, ) in these
materials. Therefore, only doubly degenerate I's states can
exist at Z. Each pair of I's5 states share the same eigenvalues
of gliding mirror operation {M,,[(1/4, 3/4, 1/2)}, which can
be either +i or —i, yielding F;L or I'J states. We note that
bands 3/4 and 5/6 are I'; and I'{ states, respectively. In
addition, all states along I'-X can be classified using the
eigenvalues of this gliding mirror operation, as we can see
from Fig. 4(a) as well as Figs. 2(d)-2(f). At I" point, all states
are also doubly degenerate due to Kramer pairs, therefore only

doubly degenerate I'¢ and I'; states can exist. These states,
however, contain a pair of states yielding opposite eigenvalues
of gliding mirror operation {M,,|(1/4, 3/4, 1/2)}. Combining
the above requirements, one can immediately see that band
crossings are guaranteed between I" and X if the number of va-
lence electrons v # 4n. In fact, v = 30 for all the compounds
we investigated. Therefore, there must be a band crossing
due to band 4/5 between I' and X. Since all states on the
I'-Z-X plane can be classified using {M,,|(1/4,3/4,1/2)},
there must be a nodal ring surrounding X point on this plane.

Using the tight-binding Wannier orbital based Hamilto-
nian, we have searched for nodal points formed by bands 4
and 5 in the whole BZ in all these compounds. All three
compounds we investigated have produced four nodal rings
around X points, confirming the above analysis [Fig. 4(c)].
Nevertheless, the nodal rings are most observable (largest)
in LaPtGe, where the SOC is strongest. Using the Wilson
loop method, we calculated the Berry phase around these
rings, and the results are w, meaning these nodal rings are
topologically nontrivial. Since all the states on the nodal ring
are doubly degenerate, we conclude that these nodal rings
must be Weyl type. Again, we would like to stress that the
existence of the nodal rings around X is completely due
to time-reversal symmetry, the gliding mirror symmetry, the
screw symmetry, and the electron filling. Apart from these
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FIG. 4. (a) LaPtGe SOC band structure from I'-X. The dashed
lines in light-blue/light-red are the same I'T states in LalrGe. No-
tice the band-crossing feature is above the Fermi level in LalrGe.
(b) Nodal rings in LaPtGe. The blue (red) lines indicate eigenvalue i
(—1) of gliding mirror operation {M,,|(1/4, 3/4, 1/2)}. The existence
of the nodal structure [as indicated by the dashed circle in the inset
of (a)] is guaranteed by band symmetries at I" and X.

symmetry-protected topological nodal rings, there are also
numerous isolated doubly degenerate points. However, there
is no symmetry argument associated with these points. It
is worthy noting that while the nodal rings are ~0.5 eV
below the Fermi levels, the band states forming these rings
are still partially occupied. Therefore, these states can still

contribute to transport properties including topological Hall
effect, which results from all occupied states [33-35]. In
addition, we notice that these nodal rings can be tuned close
to the Fermi level by hole doping. In fact, we have also
performed calculations for isostructural LalrGe. These nodal
rings are also present in LalrGe, and they appear above the
Fermi level [dashed lines in Fig. 4(a)].

C. Phonon dispersion and electron-phonon coupling

To identify the underlying pairing mechanism of super-
conductivity, we have also performed phonon and electron-
phonon calculations using DFPT (Fig. 5). The phonon spec-
trum do not exhibit instability in these lattices. In general,
the 18 phonon modes can be divided into 3 parts: part 1
are the lowest 12 modes ranging from 0 to a characteristic
frequency wy, part 3 are the highest 4 modes above 8 THz,
and part 2 are the 2 modes in between. From projected
phonon DOS, we identify the modes in parts 2 and 3 are
mostly due to Si/Ge atoms, and the modes in part 1 are
due to La and Ni/Pt atoms. For LaNiSi, wy is approximately
6 THz, and the electron-phonon coupling is strongest at
Z on the lowest phonon frequency [Fig. 5(a)]. This is the
scissoring mode where the La atoms and Ni/Si atoms move
in opposite direction [left panel of Fig. 5(c)]. For LaPtSi,
since Pt atoms are much heavier than Ni, the phonon mode
frequencies in region 1 are strongly reduced, and wy is sup-
pressed by approximately 1/3. Thus, the Debye frequency
and wig frequency are expected to be much reduced in
LaPtSi. In fact, wjog = 169.5 and 140.6 K in LaNiSi and
LaPtSi, respectively. The largest electron-phonon coupling
is contributed by a soft phonon mode at the middle of the
I'-Z' line (1/4, —1/4, —1/4). This mode is a scissoring mode
within one of the Pt layers. Previous calculations have also
reported this soft mode [23], which was attributed to the Fermi
surface nesting. However, this argument is not supported in
our bare-electron susceptibility calculations [Fig. 3(b)], since
the nesting function is flat in LaPtSi or LaPtGe. Instead, our
electron-phonon coupling calculation provides unambiguous
evidence that the phonon softening is due to large enhance-
ment of electron-phonon coupling at this q point. In extreme
cases of such enhancement, the soft phonon could eventually
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FIG. 5. (a) and (b) Phonon spectrum and DOS for (a) LaNiSi and (b) LaPtSi. The size of the blue circles are proportional to the electron-
phonon coupling strength of the specific phonon mode. In the DOS panels, the red lines are the phonon DOS, while the blue lines are the

integrated Eliashberg function A(w) = 2 fow

a’F(@')/w'de’. (c) The phonon modes yielding largest electron-phonon coupling. Left panel is

the lowest energy mode at Z in LaNiSi, right panel is the lowest energy mode (soft mode) in between I' and Z’.

245145-5



PEIRAN ZHANG, HUIQIU YUAN, AND CHAO CAO

PHYSICAL REVIEW B 101, 245145 (2020)

lead to a charge-density wave (CDW) transition [36]. The
total electron-phonon coupling constant is obtained by inte-
grating the Eliashberg function A = 2 fooo a’F (w)/wdw, and
are approximately 0.49 and 0.59, respectively, for LaNiSi and
LaPtSi. These values are in line with the estimated electron-
phonon coupling constants yepn from DOS and specific heat
measurement results. These in turn yields superconducting
T. = 1.94 and 3.06 K for LaNiSi and LaPtSi from the Allen-
Dynes equation 7, = % exp (—%) (u* is chosen
to be 0.1 in both calculations). These values are in good agree-
ment with experimental observations. Therefore, we conclude
that the superconductivity in this family is due to electron-
phonon coupling BCS mechanism. This is in agreement with
previous experimental results [23,24].

IV. DISCUSSION AND CONCLUSION

In conclusion, we have performed systematic first-
principles study of LaNiSi, LaPtSi, and LaPtGe. All these
compounds are noncentrosymmetric superconductors with
141 /md space group. Due to the nonsymmorphic symme-
try operations and time-reversal symmetry, topologically

protected nodal rings exist on the gliding mirror planes of
these materials around X points. These nodal rings can be
tuned close to the Fermi level with appropriate Ir doping.
The bare-electron susceptibility do not show prominent fea-
tures, suggesting minimum spin or charge fluctuations. The
soft phonon mode at (1/4, —1/4, —1/4) in LaPtSi is mainly
due to enhancement of momentum resolved electron-phonon
coupling. The superconductivity in these materials can be well
explained with electron-phonon BCS mechanism. Combining
the nontrivial band topology and fully gapped superconductiv-
ity, these materials may be candidate to possible topological
superconductivity.
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