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Topological states in the noncentrosymmetric superconductors LaPtSi and LaPtGe
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The interaction between bulk Dirac points and s-wave bulk superconductivity can sustain an exotic quasi-
particle excitation, namely, a gapless one-dimensional helical Majorana mode. Herein, based on first-principles
calculations, we predict that noncentrosymmetric superconductors LaPtSi and LaPtGe are Dirac superconducting
semimetal candidates. Without spin-orbit coupling (SOC), LaPtSi and LaPtGe show three-dimensional metallic
behavior with a normal band order. SOC induces energy level splitting and reordering, resulting in two pairs of
bulk Dirac points with type-II and type-III characteristics and a topological insulator state in the �-Z direction.
The obtained nonzero topological Z2 invariants and multiple nontrivial surface states on the (001) surface directly
demonstrate the nontrivial topological features of LaPtSi and LaPtGe. Thus, these predicted compounds provide
realistic platforms for the interplay of bulk Dirac points and superconductivity.

DOI: 10.1103/PhysRevB.104.245129

I. INTRODUCTION

Dirac semimetals (DSMs) that feature linear fourfold de-
generate band crossing points, namely, Dirac points, near the
Fermi level (E f ) have attracted broad interest in condensed
physics and material science, because they manifest topo-
logically protected Fermi arcs on surfaces and anomalous
transport properties, including Shubnikov–de-Haas (SdH) os-
cillation, high carrier mobility, and chiral anomaly induced
negative magnetoresistivity (MR) [1–3]. DSMs are catego-
rized into type I, type II, and type III, according to the
geometry of the bulk Dirac cone. Bulk Dirac points must be
protected by crystalline symmetries and may split into a pair
of Weyl points when either time-reversal or lattice inversion
symmetry is broken. Currently investigated DSMs mainly fo-
cus on materials with both time-reversal and lattice inversion
symmetries, such as Na3Bi [4,5], Cd3As2 [6,7], and PtSe2

class of transition metal dichalcogenides [8,9].
In noncentrosymmetric bulk materials, the absence of lat-

tice inversion symmetry introduces an asymmetric potential
gradient in the crystal, which generates an intrinsic Rashba-
type antisymmetric SOC [10], removing the spin degeneracy
of the bulk electronic bands. As such, a fourfold degenerate
Dirac point in noncentrosymmetric materials is difficult to sta-
bilize and rarely reported. In this paper, using first-principles
calculations, we predict the coexistence of a topological in-
sulator, type-II, and type-III Dirac fermions phases in the
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bulk electronic band structure of noncentrosymmetric ternary
equiatomic compounds LaPtSi and LaPtGe [11–16]. Elec-
trical resistivity and magnetization measurements on LaPtSi
and LaPtGe indicate that they exhibit phase transition to the
superconducting state below temperature 3.8 [13] and 3.05 K
[16], respectively. Temperature dependent specific heat under
magnetic field analysis reveals that they could be categorized
as Bardeen-Cooper-Schrieffer (BCS) superconductors with
intermediate coupling [14,16]. Theoretical calculations pre-
dict that topologically protected Weyl nodal rings exist on the
gliding mirror planes of these superconducting compounds
around X points [17]. Noncentrosymmetric superconductors
have been extensively studied for the ASOC results in a pos-
sible admixture of spin-singlet and spin-triplet pairing states
[10,18].

Bulk Dirac points, coupled with s-wave bulk supercon-
ductivity, can support dispersive, helical Majorana fermions
along the cores of superconducting vortices [19–21]. Majo-
rana fermions, which can occur in certain solids, are particles
identified with their own antiparticles and obey non-Abelian
statistics [22], thus making them promising candidates for
the use in fault-tolerant topological quantum computations
[23–25]. Currently, the superconducting AB2C class of full
Heusler alloys [26–28], cubic superconductor YTl3 [29],
layered superconductor BaTi2Bi2O [30], iron-based supercon-
ductor LiFe1−xCoxAs [19–21], and Ir1−xPtxTe2 [31,32] are
suggested as candidates for Dirac superconducting semimetal.
However, there have been no reports on the experimental
realization of helical Majorana modes in the above systems
so far. Therefore, there is urgency in seeking promising
material systems for the investigation of helical Majorana
fermions.
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FIG. 1. Atomic structure of LaPtSi and LaPtGe shown as con-
ventional (a) and primitive (b) cell forms. (c) Bulk BZ, (001)
projected surface BZ, and high symmetry points.

II. METHODS

First-principles calculations were performed within the
framework of the projector augmented wave (PAW) method
[33,34] and selected the generalized gradient approximation
(GGA) [35] with Perdew-Burke-Ernzerhof (PBE) type [36],
as encoded in the Vienna ab initio simulation package (VASP)
[37–39]. A kinetic energy cutoff of 500 eV and a �-centered k
mesh of 12 × 12 × 12 were utilized for all calculations. Dur-
ing self-consistent convergence and structural relaxation, the
energy and force difference criteria were defined as 10−6 eV
and 0.01 eV/Å. SOC was considered in a self-consistent
manner. The WANNIER90 package [40–42] was adopted to
construct Wannier functions from the first-principles results.
Topological property calculations were carried out by using
WANNIERTOOLS code [43].

III. RESULTS AND DISCUSSION

LaPtSi and LaPtGe adopt the body-centered tetragonal
noncentrosymmetric structure, which is a ternary variant of
the α-ThSi2 type structure [11–15], as shown in Fig. 1(a).
Three nonequivalent atoms, including La, Pt, and Si (Ge) were
placed in the 4a position of the I41md space group (No. 109)
with fractional coordinates: La (0, 0, zLa), Pt (0, 0, zPt), and
Si (Ge) (0, 0, 0). The structure is characterized by two sets of
perpendicular Pt-Si (Pt-Ge) zigzag chains alternately stacked
along the c axis. The optimized structural parameters, summa-
rized in Table I, show reasonable agreement with the available
experimental values [14,16]. All of the results presented in the
following paragraphs are based on the optimized structural

TABLE I. Optimized lattice constants compared with available
experimental values for LaPtSi and LaPtGe.

LaPtSi LaPtGe

a (Å) 4.2773 4.2965
c (Å) 14.6464 15.1578

Experimental results
a (Å) 4.2502a 4.2655b

c (Å) 14.5250a 14.9654b

aReference [14].
bReference [16].

TABLE II. Character table for the C4v point group.

C4v E C2z C4z Mx M110

�1 1 1 1 1 1
�2 1 1 −1 1 −1
�3 1 1 −1 −1 1
�4 1 1 1 −1 −1
�5 2 −2 0 0 0
�6 2 0 −√

2 0 0
�7 2 0

√
2 0 0

parameters. The primitive unit cell containing two chemical
formulas is shown in Fig. 1(b). The bulk Brillouin zone (BZ),
projected (001) surface BZ, and high symmetry points are
shown in Fig. 1(c).

The electronic band structure of LaPtSi obtained in the
absence of SOC and presented in Fig. 2(a), unveils a three-
dimensional (3D) metallic ground state with some bands
featuring large energy dispersion across the E f . Upon SOC
inclusion, the band structure near the E f was dramatically
modified due to the strong SOC effects of La and Pt atoms
and the absence of inversion center, as shown in Fig. 2(b).
The degeneracy of some electronic bands happens to split
at the high-symmetry points and between them, as can be
observed in comparing Figs. 2(a) and 2(b). The overall band
profiles consistent well with previous theoretical results [14].
In fact, the inversion symmetry of LaPtSi was broken solely
by the particular stacking of the atoms along the out-of-plane
direction, and the ASOC only affected the split energy levels
along directions perpendicular to the c axis [14]. As such, the
twofold degeneracy characteristics of the energy bands along
the �-Z line still survive [see Fig. 2(b)].

The Dirac points are illustrated via the calculation of the
irreducible representations (IRs) for related bands (Figs. 2
and 3). At the � point, the symmetry is characterized by the
C4v point group. In Table II we give the character table for C4v .
In the absence of SOC, the unoccupied valence band top at the
� point belongs to nondegenerate IR �1. There is a band gap
with a gap size of about 0.1 eV above the valence band top at
the � point. The states lie above this gap at the � point can
be labeled as doubly degenerate �5 states. Under the double
group representations in the presence of SOC, the �5 states
split into an upward shifted �6 and a downward shifted �7

states. The energy of the �1 state remains consistent; only the
IR changes to doubly degenerate �6. The �6 states are energet-
ically higher than the �7 states, resulting in a band inversion,

TABLE III. The geometry types, topological charges (C), posi-
tions, and energies of Dirac points in LaPtSi and LaPtGe.

Compound Type C [0, 0, ±kD
z ( 2π

c )] Energy (eV)

LaPtSi I 0 0.5 0.36
II 0 0.240 −0.343
III 0 0.105 0.117

LaPtGe I 0 0.5 0.43
II 0 0.182 −0.242
III 0 0.042 0.203
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FIG. 2. Electronic band structure of LaPtSi obtained (a) in the absence and (b) in the presence of SOC. �i indicates different IRs of selected
bands. Band structures projected onto 5d orbitals of (c) La and (d) Pt atoms and 3p orbitals of (e) Si atoms.

which gives rise to nontrivial band topology of LaPtSi. The
orbital projected band structures, plotted in Figs. 2(c)–2(e),
show that the bands around the E f are dominated by the
La-5d , Pt-5d , and Si-3p orbitals.

Along the �-Z direction, the little group is C4v for any k
point, the bands with �6 and �7 IRs at � point transform into
�6 and �7 IRs, as shown in Figs. 3(a) and 3(b). Because
the hybridization between the �6 and �7 bands under C4v

symmetry is strictly forbidden, one unavoidable band crossing
appears at (0, 0, kD

z ≈ ± 0.105 × 2π
c ), which is denoted as

D1 and clearly presented in Fig. 2(b). Since the energy bands
forming D1 point along the �-Z line are doubly degenerate
with linearly dispersion and the calculated topological charge
of D1 point is 0 (see in Table III), the band crossing is thus
fourfold degenerate, or, namely, a Dirac point. The Dirac point
D1 belongs to type III, because it is formed by the crossing of
a flat band and a parabolic band [44,45], as shown in Figs. 3(a)
and 3(d).

In the band structure without SOC, there is a triply degener-
ate band crossing point energy at 0.43 eV below the E f along
the �-Z direction, see Fig. 2(a). The triple point is formed by
the touching of a nondegenerate band and a doubly degenerate
band. The two relevant bands belong to �1 and �5 IRs at the
� point. When SOC is included, there still presents a band
crossing (denoted as D2) formed by two bands with different
IRs (�6 and �7), see Fig. 3(b). Just like D1, D2 is a symmetry

protected fourfold degenerate Dirac point but belongs to type
II, because the Dirac cone is tilted strongly along the �-Z [8],
as shown in Figs. 3(b) and 3(e).

As shown in Figs. 2(c)–2(e), D1 and D2 are originated
from the band inversion at the � point. The bands forming D1
are dominated by dxy, dxz, and dyz orbitals. The bands forming
D2 are dominated by py, pz, and dyz orbitals. D1 and D2
are thus accidental crossing points [46]. Intriguingly, the four
bands crossing at the time-reversal invariant momenta (TRIM)
point Z at 0.36 eV above the E f , denoted as D3 in Fig. 2(b), is
an essential crossing point. As shown in Figs. 3(c) and 3(i), the
bands show linear dispersion around D3 along both the �-Z
and �1-Z-Y1 directions. The calculated topological charge of
D3 point is 0 (see Table III). Thus, D3 is a Dirac point.

In addition to topological Dirac states, SOC also induces
hybridization between two �6 bands, leading to topological
insulator (TI) states in the �-Z direction, see Fig. 2(b). We
cut a curved Fermi level through the SOC induced TI gap,
and calculated the Z2 invariant by using the Wilson loop
method [47]. The calculated Wannier charge center (WCC)
on two representative planes of the bulk BZ, shown in Fig. 4,
evidence that Z2 = 1 for kz = 0 plane, whereas Z2 = 0 for
kz = π plane.

Different to the Dirac fermions in centrosymmetric com-
pounds, where the twofold Dirac cone degeneracy is reserved
at any k point in momentum space [4], the band degeneracy in
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FIG. 3. The zoom-in band structures and the corresponding 3D dispersions around the band degeneracies labeled in Fig. 2(b): (a) and
(b) The zoom-in band structures around D1 and D2 points along the �-Z direction. The IRs of related bands along the high symmetric k are
indicated. (c) The enlarged band structures in the vicinity of D3 along the �-Z-� direction. (d)–(f) The 3D view of the three Dirac points in
the kx-kz plane. (g)–(i) The in-plane band dispersions around D1, D2, and D3. (j)–(l) The 3D view of the three Dirac points in the kx-ky plane.

the kx-ky plane around the Dirac point in LaPtSi is completely
removed due to the lack of inversion symmetry, as shown in
Figs. 3(g)–3(l). The Dirac points here carry two cones with
distinct slopes, resembles birefringent Dirac fermion, which
have two “speeds of light,” and can be realized by using cold
atoms in optical lattices [48–51]. Thus, birefringent Dirac
fermions can also be achieved in noncentrosymmetric solid
compounds.

The presence of topological nontrivial surface states on the
surface is the hallmark of nontrivial bulk band topology. To
further confirm the nontrivial topological nature of LaPtSi,
we have carried out surface states calculations, the results are
shown in Fig. 5. On the (001) surface, we observed multiple
topological nontrivial surface states. Around the D3 point,
the surface states (labeled as SS1) originating from D3 are
clearly visible in Fig. 5(b). The Dirac cone type surface states
(labeled as SS2) stemming from the projection of bulk type-III

Dirac points show large energy dispersion and lead the E f

crossing. Hence, they can make contributions to the transport
properties. For the type-II Dirac states, due to the projection of
D2, is hidden by the other bulk states, the sign of surface states
(labeled as SS3) corresponding to D2 is partially observed.
At about 0.5 eV below the E f , due to the nontrivial Z2 TI
gap, a Dirac cone surface state (labeled as SS4) emerges in
the gapped bulk states. This surface Dirac cone exhibits a
left-handed spin texture, as shown in Fig. 5(c).

Figure 6 depicts the bulk electronic band structure of
LaPtGe in the absence and presence of SOC. The overall band
profiles near the E f of LaPtGe share resemble characteristics
to those discussed for LaPtSi. It also hosts 3D Dirac points
with substantial dispersions like LaPtSi. The positions and
energies of Dirac points in these two materials are listed
in Table III. Note that the type-II Dirac points in LaPtSi
(LaPtGe) are 343 (242) meV lower than the E f , which make
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FIG. 4. Calculated evolution of Wannier charge centers for
LaPtSi in the kz = 0 and kz = π planes. The evolution lines pass
through the reference line (green dashed line) at odd and even times
in the kz = 0 and π planes.

them easier to be observed by angle-resolved photoemission
spectroscopy (ARPES). Compared to PtSe2 classes of type-II
DSMs [8], type-II Dirac points in our predicted compounds
are much closer to the E f , suggesting LaPtSi and LaPtGe are
an improved platform for the study of type-II Dirac properties.
Since the bulk type-III Dirac points are located above the E f ,
it is not easy to directly detect them by ARPES. To observe
the energy levels above the E f , an in situ surface K atoms
doping technique which dopes electrons into the surface layer
can be used to shift the local chemical potential upward [5,52].
Since the type-III Dirac points in LaPtSi (LaPtGe) are only
117 (203) meV above the E f , we hence expect that it could
be probed by ARPES with the assistance of in situ surface K
atoms doping.

Since the type-II and type-III Dirac points are located be-
low and above the E f , it is uncertain whether the bulk Dirac
points become relevant to the superconductivity. Fortunately,
the topological nontrivial surface states (SS2) feature a large
dispersion in energy space and across the E f , see Fig. 5(a).

To examine the stability of the crossing of the SS2 and the
E f , we have studied the effect of a surface potential on the
SS2. Figures 5(d) and 5(e) present the calculated surface states
with the on-site energy of the surface atoms changed to 110%
and 120% of the pristine value, respectively. We find that
the crossing of the SS2 and the E f maintains at both consid-
ered values. Under natural superconducting proximity effects,
the surface electrons will be induced into a superconducting
phase, leading to equivalent p + ip type superconductivity on
the surface [53]. As such, the surface topological supercon-
ducting phase, which can host localized Majorana zero modes
[54–56], is expected to exist in our predicted compounds. If
the chemical potential can be tuned close to the bulk Dirac
points by gate voltage or surface deposition, the bulk topo-
logical superconducting phase, which can support dispersive,
helical Majorana modes [19–21], is also expected in currently
studied noncentrosymmetric superconductors.

IV. SUMMARY

To summarize, we have presented the results of first-
principles calculations on topological electronic structures
for noncentrosymmetric BCS superconductors LaPtSi and
LaPtGe. We predict the coexistence of three distinct types of
topological nontrivial states, the topological insulator, type-II,
and type-III Dirac fermions states, in their electronic band
structure. We find that the type-II bulk Dirac points in LaPtSi
(LaPtGe) are 343 (242) meV lower than the E f , and much
closer to it than the PtSe2 class of type-II DSMs. The topolog-
ical nontrivial surface states stemming from the projection of
the type-III bulk Dirac points on the (001) surface show broad
energy dispersion and lead to crossing of the E f . As such,
type-III Dirac points related exotic physics are detectable by
transport experiments. Due to the coexistence of bulk Dirac
fermions and bulk superconductivity, our predicted materials
may be an exciting platform for investigating Dirac supercon-
ducting semimetal.

FIG. 5. (a) Calculated surface states of LaPtSi on the (001) surface. (b) Zoom-in view of the solid orange box region in (a). (c) Fermi
surface of the topological state at −0.54 eV [marked in (a) with red line], the green arrows are the spin texture. Calculated surface states with
the on-site energy of the surface atoms are changed to (d) 110% and (e) 120% of the pristine value. Arrows are guides to the eyes.
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FIG. 6. Electronic band structure of LaPtGe (a) without and (b) with SOC considered.
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