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Phononic and electronic properties of the superconducting topological metal ThMo,Si,C
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The phononic and electronic properties of newly discovered quaternary superconductor ThMo,Si,C are
reported based on the results of first-principles calculations. The phonon spectrum contains soft phonon modes
around the zone corners that lead to a +/2 x +/2 x 1 charge-density-wave (CDW) instability, which is related to
the momentum-dependent electron-phonon coupling. Intriguingly, these soft phonon modes can be removed by
considering anharmonic effects. The electronic band structure without spin-orbit coupling (SOC) hosts multiple
band crossing points near the Fermi level (E), giving rise to multiple bulk nodal lines in this system. When SOC
is considered, the nodal lines are gapped out and a pair of anisotropic Dirac points protected by C, rotational
symmetry emerge along the I'-Z direction near the E;. These results suggest that superconductor ThMo,Si,C is
a topological Dirac metal on the verge of a CDW instability, making it a realistic material platform to investigate
the interplay among superconductivity, CDW quantum criticality, and bulk Dirac fermions.
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I. INTRODUCTION

Layered titanium-based pnictide oxide superconductors
BaTi,Pn,O (Pn = Sb, Bi) that crystallize in tetragonal
CeCr,Si, C-type structure with anti-CuO;-type Ti,O square
lattice have been discovered to show highly diverse physical
properties, including superconductivity, spin/charge density
wave (S/CDW), and topologically nontrivial electronic band
structure [1-14]. Especially, the coexistence of supercon-
ductivity and topological states in BaTi,Pn,O makes them
promising candidates for topological superconductors (TSCs)
[13,14]. TSCs have attracted great research interest in the
condensed matter physics community due to the emergence of
Majorana fermions and the potential application in topologi-
cal quantum computation [15-21]. Following the BaTi, Pn,0,
various kinds of compounds with tetragonal CeCr;,Si,C-type
structure, such as ATM,Ch,O (A=K, Rb, Cs; TM =Ti, V,
Ch =S, Se, Te) [22-26], BaFe,Ch,O (Ch = S, Se) [27,28],
and LaTM,Al,B (TM = Ru, Os) [29,30], have been synthe-
sized to search for new superconductors. However, none of
these listed compounds exhibit any sign of superconductivity.

Recently, a new layered quaternary compound,
ThMo,Si,C, has been synthesized by Liu et al. [31].
ThMo,Si,C crystallizes in the same crystal structure as
BaTi,PnyO and exhibits a superconducting transition
at T, =2.2K, which is higher than that of BaTi,Sb,O
(T, =12K) [3,4] but lower than that of BaTi,Bi,O
(T, = 4.6K) [5]. Based on the measurements of magnetic
susceptibility and electronic resistivity, Liu et al. found
that S/CDW instability is absent in ThMo,Si,C. They thus
suggested that the origin of superconductivity in ThMo,Si,C
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is different from that in BaTi,Pn,O [31]. The discovery
of superconductivity in ThMo,Si,C may open a new
direction of searching for new superconductors in compounds
crystallizing in tetragonal CeCr,Si,C-type structure without
the Ti,O square lattice.

Studying the phononic and electronic properties is cru-
cial for understanding the superconducting behaviors of
newly discovered superconductors. Herein, we present our
first-principles calculations of the phononic and electronic
properties for ThMo,Si,C. The calculated phonon dispersions
show that the undistorted ThMo,Si,C is dynamically unsta-
ble with zone corner soft phonon modes and undergoes a
A2 x A/2 x 1 structural reconstruction to form an energeti-
cally favored CDW state. By calculating the Fermi surface
nesting function and analyzing the momentum-dependent
linewidth of the lowest phonon mode, we propose that the
electron-phonon coupling (EPC) plays a significant role in
driving CDW instability. The calculated electronic band struc-
ture shows that ThMo,Si,C is a topological metal, hosting
multiple nodal lines near the £ in the absence of spin-orbit
coupling (SOC). In the presence of SOC, the nodal lines are
destroyed and a pair of anisotropic Dirac points emerge along
the I'-Z direction located at the Brillouin zone (BZ) coordi-
nates (0, 0, kZD ~ $+0.328 x 27”), about Ep = 56 meV above
the Ey. These results not only provide useful information for
understanding the superconducting behaviors in ThMo,Si,C
but also make it more attractive.

II. METHODS

Our first-principles calculations were performed using the
projector augmented wave (PAW) method [32,33] and se-
lected the generalized gradient approximation (GGA) [34]
with Perdew-Burke-Ernzerhof (PBE) type [35], as encoded
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FIG. 1. (a) Crystal structure of ThMo,Si,C. (b) Bulk BZ and its
projection onto the (001) surface.

in the Vienna Ab initio Simulation Package (VASP) [36-38].
A kinetic energy cutoff of 500 eV and a I'-centred k-point
mesh of 12 x 12 x 10 were utilized for all electronic structure
calculations. During self-consistent convergence and struc-
tural relaxation, the energy and force difference criteria were
defined as 107°eV and 0.01 eV/A. The irreducible repre-
sentations were obtained by the program IRVSP [39]. The
WANNIER90 package [40-42] was employed to construct the
Wannier functions from the first-principles results. Topolog-
ical properties calculations were carried out by using the
WANNIERTOOLS code [43].

For phonon dispersions calculations, the density func-
tional perturbation theory (DFPT) [44] as implemented in the
QUANTUM ESPRESSO package [45] was utilized, with GGA
potentials. The cutoff energies of the wave functions and
charge density were set as 100 and 1000 Ry, respectively. The
Gaussian smearing method was used to calculate the charge
density with a smearing parameter of o = 0.01 Ry. Dur-
ing self-consistent calculations, I'-centered k-point meshes
of 16 x 16 x 12 and 12 x 12 x 12 were utilized for undis-
torted and distorted structures, respectively. For the dynamical
matrix calculations, 8 x 8 x 6 and 6 x 6 x 6 q-point meshes
were adopted for the undistorted and distorted structures, re-
spectively. The DynaPhoPy code [46] was used to calculate
the anharmonic lattice dynamics from the ab initio molecular
dynamics simulations.

III. RESULTS AND DISCUSSION

The ThMo,Si,C investigated here crystallizes in a tetrago-
nal CeCr,Si,C-type structure with space group P4/mmm (No.
123) [31], as shown in Fig. 1(a). It is composed of Mo,Si,C
layers and Th atomic layers, alternatively appearing along the
¢ direction. In the Mo,Si,C layer, the Mo atom is twofold
coordinated with C atoms, creating a planar Mo,C sheet
with a checkerboard pattern. The experimentally determined
lattice constants and internal atomic coordinate are a = b =
4.22963 A, ¢ =5.35714 A, and zg; = 0.22676 [31]. After
fully structural optimization, we obtain a = b = 4.23996 A,
c =5.36614 /0\, and zg; = 0.22093, in excellent agreement
with the experimental values. These fully optimized structural
parameters are adopted in the following calculations. The bulk
BZ, projected (001) surface BZ, and high-symmetry points are
shown in Fig. 1(b).

Previous studies on BaTiyPn;0O indicate that the phonon
spectrum contains valuable information regarding dynamical
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FIG. 2. Calculated harmonic phonon dispersions (left panel) and
projected PhDOS (right panel) for undistorted ThMo,Si,C. The neg-
ative frequency means the imaginary value of the softened phonon
frequency.

stability, CDW, and superconductivity [11,12]. We thus first
calculate the phononic band structure for ThMo0,Si,C in the
undistorted tetragonal structure based on the fully relaxed lat-
tice parameters. The resulting phonon dispersion curves along
the high-symmetry lines of the BZ are presented in the left
panel of Fig. 2. A conspicuous feature of the phonon spectrum
is the appearance of phonon softening instabilities around M
(%, % 0) and A (%, %, %) high-symmetry points, clearly indi-
cating the dynamical instability of undistorted ThMo,Si,C.
This feature is rather similar to the situation observed in
BaTi,Pn,O [11,12]. The projected phonon density of states
(PhDOS) in the right panel of Fig. 2 shows that the soft
phonon modes have only Mo character, emphasizing that the
Mo square sheet is unstable. By analyzing the eigenvectors
of the soft phonon modes, the motion of Mo atoms can be
distinguished. A schematic illustration of the eigenvectors for
the soft phonon modes is shown in Fig. 3(a), where the arrows
indicate the directions of the atomic vibrations. It can be seen
that the soft phonon modes correspond to the displacement
mode of all Mo ions moving perpendicular to the Mo-C
nearest-neighbor bonds.

Phonon softening has been widely discussed in terms of
CDW instability [47—49]; it is thus natural to examine whether
the CDW instability is present in ThMo,Si,C. To address
this point, we construct a series of ~/2 x +/2 x 1 supercells
with the unit cell axes rotated by 45° and perform a frozen
phonon analysis by displacing Mo atoms according to the
eigenvectors of the soft phonon modes, as shown in Fig. 3(b).
The relative energies of these supercells with respect to the
undistorted structure as a function of the amplitude of the
Mo atomic displacement are plotted in Fig. 3(c). The results
show that the undistorted structure is energetically unfavor-
able and the energy exhibits a minimal at a finite value of
the atomic displacement. The calculated total energy per for-
mula unit is lower by 0.157 meV for the distorted structure
relative to the undistorted structure. The magnitude of the
atomic displacements which minimizes the total energy is
0.0375 A. Figure 3(d) shows the phonon spectrum of the ener-
getically favored structure obtained by displacing atoms along
the soft mode eigenvectors. As expected, the soft phonon
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FIG. 3. Top view of Mo0,Si,C layer in the (a) undistorted struc-
ture and (b) distorted structure. Arrows in (a) represent the atomic
vibrational patterns corresponding to the soft phonon modes in
Fig. 2. Solid lines indicate the primitive unit cell, while dashed lines
denote the +/2 x +/2 x 1 supercell. (c) Total energy variation of
the v/2 x +/2 x 1 supercell with respect to the displacement of Mo
atoms. Energies are given relative to the undistorted structure energy.
(d) Calculated phonon dispersions for distorted ThMo,Si,C.

modes vanish, reflecting the dynamical stability of this dis-
torted structure.

Based on the results above, we hence propose that the soft
phonon modes in the phonon spectrum give rise to a CDW
instability in ThMo,Si,C with similar distortion pattern as
in the BaTi,Pn,0 cases [11,12]. According to the formation
mechanism of CDW, Zhu et al. [50] suggested that there are
at least three types of CDWs. Type-1 CDWs are quasi-1D sys-
tems with their origin in Fermi surface nesting. Type-Il CDWs
are driven by EPC but not by Fermi surface nesting. Other
CDWs belong to type III. To identify the origin of the CDW
instability in ThMo,Si,C, we calculate the Fermi surface nest-
ing function and the EPC for undistorted ThMo,Si,C.

Figure 4 shows the calculated electronic band structure
and Fermi surface sheets. There are three bands crossing the
E¢, forming three Fermi surface sheets. The first sheet is
a corrugated quasi-two-dimensional cylindrical sheet located
around the corners of the BZ. The second and third sheets have
a three-dimensional character. Using the calculated Fermi
surface in Fig. 4(b), we calculate the Fermi surface nesting
function £(q) = > 4 00 8(€kn — €F)S(Ektrg.m — €r), Where §
is the Dirac-delta fﬁnéfion, &k 1s the eigenvalue of band n
at k, ep is the Fermi energy, and q is the nesting vector. This
function is the imaginary part of the electronic susceptibilities
[51]. The results are shown in Fig. 5(a). Since the phononic
band structure shows soft phonon modes around M and A
points, the nesting functions thus should have pronounced
maximum value at the M and A points on the k£, = 0 plane and
the k, = 0.5 plane, respectively, if the Fermi surface nesting
is the origin of the formation of the CDW instability [51,52].
This is obviously not what is seen in Fig. 5(a). Thus the Fermi
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FIG. 4. (a) Calculated orbital-resolved electronic band struc-
ture for undistorted ThMo,Si,C without SOC inclusion. Magenta
arrows mark the multiple BCPs, the van Hove singularity at X
high-symmetry point is marked with green arrow. &1 denote the
eigenvalues of the mirror symmetry M. . (b) The corresponding Fermi
surface; each band is shown separately.

surface nesting effect cannot be responsible for the CDW
formation in ThMo,Si,C.

In Fig. 5(b), the phonon linewidth y of the lowest phonon
mode for undistorted ThMo,Si,C on the k, = 0 plane and
the k, = 0.5 plane is plotted. The phonon linewidth y is

FIG. 5. (a) Calculated Fermi surface nesting function for undis-
torted ThMo,Si,C on the (left) k, = O plane and the (right) k£, = 0.5
plane. (b) Calculated phonon linewidth y of the lowest phonon mode
for undistorted ThMo,Si,C on the (left) k, = O plane and the (right)
k; = 0.5 plane.
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defined as
d’k
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Here, g, is the phonon frequency, 27 is the volume of the
first BZ, g4; is the energy of band i with wave number ¢,
er is the Fermi level, and g, (k, i, j) is the electron-phonon
coefficient and can be obtained by

12 dVscr
) <wi,k|qu’€qv|wj,k+q>v (2)

v kv .7 i =
gk, i, j) (2quv

where ¥ is the wave function, Vscr is the Kohn-Sham po-
tential, # is the atomic displacement, and € is the phonon
eigenvector. From the definition above, we can know that the
phonon linewidth y is directly related to the strength of the
EPC [53-57]. On the k, = 0 and k, = 0.5 planes, we can see
that the phonon linewidth y in Fig. 5(b) shows broad peaks at
the M and A points, respectively. This indicates that the EPC
plays a critical role in driving CDW instability in ThMo,Si,C,
similar to the situation in BaTi,Sb,O [11].

Besides the Fermi surface nesting and EPC mechanisms,
the Van Hove singularity [58] and excitonic insulator [59,60]
are also considered important mechanisms leading to CDW
instability. However, for ThMo,Si,C, the calculated electronic
band structure shows multiple bands crossing the Ey, in-
dicating metallic properties. Therefore, we can exclude the
excitonic insulator mechanism, as this mechanism is applica-
ble to semimetallic or semiconductor systems. Additionally,
from the band structure of ThMo,Si,C, it can be observed that
there is a Van Hove singularity at the X high-symmetry point,
as indicated by the green arrow in Fig. 4(a), but it is located
above the Ey. Consequently, it is also unlikely to induce a
CDW phase transition in ThMo,Si,C.

As such, at the DFT level, ThMo0,Si,C favors a CDW
ground state, which is related to the EPC. However, this
is in contrast to available experiments, which show that no
CDW-like anomaly is observed in the electrical resistivity
and magnetic susceptibility of ThMo,Si,C [31]. Such a dis-
crepancy between theoretically predicted CDW instability
and experimentally unobserved anomalies is similar to the
situation that occurred in 2H-NbS, [61,62], LaOg 5F, sBiS,
[63,64], and BaTi;Bi,O [12] superconductors. It is notewor-
thy that the energy scale of the predicted CDW instability is
only 0.026 meV/atom. This indicates that the structure can
be stabilized by anharmonic effects, as observed in 2H-NbS,
[61,62]. To unveil the crucial role of anharmonic effects in
ThMo,Si,C, we present its anharmonic phonon spectra and
projected PhDOS in Fig. 6. It is evident that the anharmonic
effects remove the lattice instabilities at the harmonic level. It
is thus safe to draw the conclusion that ThMo,Si,C is on the
verge of a CDW instability.

We now move to the electronic properties of ThMo,Si,C.
Since ThMo,Si,C resides near the CDW phase rather than
undergoing a CDW phase transition, its electronic proper-
ties are hence still determined by the normal state. We thus
primarily investigate the electronic structure and topological
properties of ThMo0,Si,C in its undistorted structure here. The
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FIG. 6. Calculated anharmonic phonon dispersions (left panel)
and projected PhDOS (right panel) for undistorted ThMo, Si,C.

electronic band structure of ThMo,Si,C without SOC is
shown in Fig. 4(a), in which the different colors denote the
orbital characters. It unveils a metallic ground state with both
electron and hole Fermi surface sheets [see Fig. 4(b)]. The
marked feature in the electronic band structure of ThMo,Si,C
is the presence of multiple fascinating band crossing points
(BCPs) near the Ey, as indicated by the magenta arrows. Fur-
ther analysis of orbital characters shows that these BCPs are
primarily dominated by Mo-4d orbitals. Because of the pres-
ence of both time-reversal 7 and inversion P symmetries, the
BCPs in ThMo,Si,C cannot be isolated [65]. After a careful
inspection of BCPs in full bulk BZ, we find that these BCPs in
fact form multiple nodal lines, as shown in Fig. 7(a). Among
all the nodal lines, the nodal ring on the k, = 0.5 plane is
closest to the the E¢. Besides, this nodal ring is quite flat with
an energy variation less than 0.1 eV, as shown in Fig. 7(c).
It should be emphasized that this nodal ring is protected by
two sets of symmetries: (a) the combination of 7 and P

(a)

~
o
~
—_
(=]

Energy (eV)
=)

V4 R Z M Z N Z 0 Z Pz A

FIG. 7. (a) Distribution of the BCPs in the first bulk BZ. Mul-
tiple nodal lines are observed, which are colored by orchid, red,
orange, green, and web blue, respectively. (b) The shape of nodal
ring centered at Z point on the k, = 0.5 plane and the selected k paths
through the nodal ring. (c) Band structure on the k, = 0.5 plane along
selected directions, which are marked in (b).
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FIG. 8. (a) Calculated electronic band structure for undistorted
ThMo,Si,C with SOC inclusion. The insets show a zoom in band
structure around Z point. (b) Energy dispersion along the I'-Z line
displaying a pair of Dirac points. The irreducible representations of
selected bands are indicated. (c) Three-dimensional band structure
on the k,-k, plane around the Dirac point.

symmetries in the absence of SOC, and (b) the mirror symme-
try M. The reason why this nodal ring is also protected by the
M, symmetry is that the two crossing bands within this mirror
invariant plane belong to two opposite mirror eigenvalues %1,
as shown in Fig. 4(a).

To delineate the SOC effect on the electronic structure of
ThMo,Si,C, we plot the electronic band structure with SOC
in Fig. 8(a). Upon including SOC, we find that nearly all the
BCPs are gapped, except for the BCP along the I'-Z line, as
indicated by the green dot in Fig. 8(a). Along the I'-Z line,
the little group is C4, for any k point. Symmetry analysis
shows that the crossing bands belong to different irreducible
representations, Ay and Ag, as shown in Fig. 8(b). The BCP
along the I'-Z line is thus unavoidable and protected by the
C, rotational symmetry. Owing to the coexistence of 7 and
‘P symmetries, every band is spin doubly degenerate. Hence,
the BCP is fourfold degenerate, or, namely, a Dirac point.
According to our calculations, the Dirac point is located at
BZ coordinates (0, 0O, kf’ ~ +0.328 x 27”) with an energy of
Ep = 56meV above the E;. It is worth emphasizing that the
Dirac cone is anisotropic because it has different slopes along
the in-plane and out-of-plane directions, as supported by the
three-dimensional band structure around the Dirac point in
Fig. 8(c).

Our electronic structure calculations indicate that super-
conductor ThMo,Si,C is a topological metal with symmetry-
protected Dirac points near the E;. To further confirm the
topologically nontrivial nature of ThMo,Si,C, we calculate
the Fu-Kane Z, topological invariant from the parities of

TABLE I. The products of parity eigenvalues of the occupied
states for TRIM points I', X, M, A, Z, and R in the BZ.

r X (x2) M A z R (x2)

all occupied bands at the time-reversal invariant momentum
(TRIM) points [66]. Table I shows the product of the par-
ity eigenvalues of the occupied bands at the eight TRIM
points. According to our calculations, ThMo,Si,C is a three-
dimensional weak topological metal, with 3D Z, invariants
given by (0;111). Topological metals hosting symmetry-
protected Dirac points with a weak Z, topological invariant
have been reported in Pt3Sn [67] and YTIs [68]. A single
material containing both superconductivity and bulk Dirac
points has been theoretically suggested as a promising plat-
form for the realization of a superconducting Dirac semimetal,
in which the interaction between bulk Dirac points and su-
perconductivity can sustain an exotic quasiparticle excitation,
namely, a gapless one-dimensional helical Majorana mode
[68—74]. Therefore, the coexistence of superconductivity and
bulk Dirac fermions in ThMo,Si,C suggests that it could
be a realistic material for future studies of helical Majorana
fermions.

IV. CONCLUSION

In conclusion, on the basis of first-principles calculations,
we have studied the phononic and electronic properties of the
newly discovered superconductor ThMo,Si,C. We find that
this superconductor shows an unexpected CDW instability.
The formation of the CDW is mainly caused by the inhomo-
geneous distribution of the EPC. The appearance of CDW is
in disagreement with available experimental measurements.
We thus conclude that ThMo,Si,C is actually on the verge of
a CDW instability. We also predict that this superconductor
is a topological metal. There are multiple type-I and type-II
BCPs in the electronic band structure without SOC. The BCPs
form multiple bulk nodal lines in this system. When SOC is in-
cluded, the nodal lines are destroyed and a pair of anisotropic
Dirac points emerge along the I'-Z direction. These results
suggest that ThMo,Si,C would provide a realistic material
platform for studying intriguing properties arising from the
interplay of superconductivity, CDW quantum criticality, and
band topology.
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