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Topological crystalline metals/semimetals (TCMs) have stimulated a great research interest,
which broaden the classification of topological phases and provide a valuable platform to explore
topological superconductivity. Here, we report the discovery of superconductivity and topological
features in Pb-intercalated transition-metal dichalcogenide Pb;,3TaS2. Systematic measurements
indicate that Pb;/3TaSy is a quasi-two-dimensional (q-2D) type-II superconductor (7. ~ 2.8 K)

with a significantly enhanced anisotropy of upper critical field (ym., = H% /HS = 17). In addition,
first-principles calculations reveal that Pb,,3TaSs hosts multiple topological Dirac fermions in the
electronic band structure. We discover four groups of Dirac nodal lines on the k, = 7 plane and two
sets of Dirac points on the rotation/screw axes, which are protected by crystalline symmetries and
robust against spin-orbit coupling (SOC). Dirac-cone-like surface states emerge on the (001) surface
because of band inversion. Our work shows that the TCM candidate Pb;,3TaS; is a promising
arena to study the interplay between superconductivity and topological Dirac fermions.

I. INTRODUCTION

The search for exotic topological phases of condensed
matter has attracted a significant attention since the dis-
covery of topological insulators (TIs), a unique class of
electronic systems that show insulating bulks and topo-
logically protected boundary excitations [IH9]. Shortly
following TTs, topological metals/semimetals (TSMs)
with bulk band crossings close to the Fermi level are
broadly proposed and verified [T0HIR]. Because of the
topological bulk and surface states, for instance, nodal-
line metals/semimetals (NLSMs) exhibit unconventional
transport features, such as three-dimensional quantum
Hall effect and high-temperature surface superconductiv-
ity [19, 20]. In the absence of magnetism, a centrosym-
metric TSM, where both spatial inversion (P) and time
reversal (7)) symmetries are preserved, may host quadru-
ply degenerate bulk nodes resembling massless Dirac
fermions [T1], [13]. Compared with the noncentrosymmet-
ric case, however, these degeneracies are unstable under
significant spin-orbit coupling (SOC) unless extra crys-
talline symmetries are present [10]. To be more spe-
cific, apart from the PT protection, a stable Dirac nodal
point entails the guarantee of a rotation or screw sym-
metry [11] I3], and a Dirac nodal line can be supported
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by additional nonsymmorphic operations [2TH24]. Crys-
talline symmetries are therefore an essential factor for the
search of TSMs hosting stable bulk Dirac fermions. We
alternatively refer to such TSMs as topological crystalline
metals/semimetals (TCMs) [25].

Recently, the family of the so-called 112 systems,
MTXs (M = Pb, Sn, Tl or In, T' = Ta or Nb, X =
Se or S), has created a surge of research activities, be-
cause of the superconductivity and rich topological na-
ture [26H30]. The noncentrosymmetric PbTaSes (derived
from 1H-TaSe, by intercalating Pb in the van der Waals
gap) was reported to be a promising topological super-
conductor (TSC) candidate, due to the observation of
zero-energy Majorana bound states in the vortices [31].
PbTaSe; is also a typical NLSM where the nodal lines
are guaranteed by mirror symmetry [§]. Another group
of 112-type compounds host centrosymmetric lattice, in-
cluding PbTaSy [32] and SnTaS; [33]. In these com-
pounds, the nodal lines are protected by the P7T sym-
metry in absence of SOC and is fragile under strong
SOC [33].

Herein, based on symmetry analysis and band cal-
culations, we predict a new TCM candidate, the cen-
trosymmetric crystal Pb; /3TaS, that hosts multiple sta-
ble nodal point and line structures. In contrast to the
above-mentioned 112 systems, nodal lines in Pby,3TaS,
are robust against SOC by virtue of the nonsymmorphic
symmetry. Dirac points are furthermore unveiled, stabi-
lized by rotation/screw symmetries. Band inversion gives
rise to Dirac-cone-like surface states in the (001) surface.
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In addition, we synthesize and characterize this single
crystal in experiment. The results show that Pby/3TaS,
peculiarly exhibits quasi-two-dimensional (q-2D) super-
conductivity (7, = 2.8 K) with large anisotropy in up-
per critical field H.. Consequently, the superconduc-
tor Pby,3TaS, is a unique electronic system manifesting
versatile nontrivial topological nature, offering a realistic
material testbed for the exploration of the Dirac fermions
and even possible TSC.

II. METHODS

The Pb;/3TaSy single crystals were prepared by
the chemical vapor transport method. Stoichiometric
amounts of high-purity Pb, Ta, S powders with the trans-
port agents PbBry (10 mg/cm?® in concentration) were
thoroughly mixed and sealed in an evacuated quartz
tube. The tube was heated at 1173 K with a temper-
ature gradient of 5 K/cm for one week in a two-zone
furnace.

The X-ray diffraction (XRD) pattern was performed on
a Bruker D8 Advance X-ray diffractometer with Cu-K,,
radiation. The chemical composition was determined by
an energy-dispersive x-ray (EDX) spectrometer (Model
Octane Plus) affiliated to a Zeiss Gemini 450 Schottky
field emission scanning electron microscope (SEM). The
transport measurements were measured on an Oxford
superconducting magnet system equipped with a 3He
cryostat. The DC magnetization was carried out on a
Quantum Design magnetic property measurement sys-
tem (MPMS3).

The density functional theory (DFT) calculations are
performed using the Vienna ab initio simulation pack-
age (vasp) [34], based on the generalized gradient ap-
proximation (GGA) method under the Perdew-Burke-
Ernzerhoff (PBE) parameterization [35]. The energy cut-
off of the plane wave is 323.4 eV. The Brillouin zone (BZ)
is sampled by a 12 x 12 x 4 grid for the self-consistent cal-
culations. Irreducible representations (IRs) of electronic
eigenstates at high-symmetry k-points are determined
via an in-house code and the software package irvsp
[36]. Wannier functions are constructed by projecting
Bloch states onto Ta 5d orbitals through WANNIERIO [371-
[39] without the iterative maximal localization procedure.
Nodal lines or points and surface spectrum are computed
with the WANNIERTOOLS package [40], where the latter
is based on the iterative Green’s function method [41].
Pre/Post-processing tools and utilities for solids compu-
tation [42H45] are exploited.

III. RESULTS AND DISCUSSION

Pb;/3TaSy crystallizes in the centrosymmetric hexag-
onal space group P63/mcm (No. 193), with the lattice
constants a = b = 5.76 A, ¢ = 14.81 A [46]. As illus-
trated in Fig. a)7 Ta atoms are in trigonal-prismatic

coordination by S atoms and the stacking sequence of S-
Ta-S sandwiches follows that in 2H-TaS, [47]. Pb atoms
are intercalated in between TaSy layers, but the occu-
pation number is only one third of that in 112 PbTaS,
phase [32]. Moreover, Pb ions sit on top of Ta sites, dis-
tinct from 112-phase, in which Pb sits on top of S sites.
Figure b) presents the XRD pattern of Pb; /3TaS; sin-
gle crystals normal to ab-plane. The inset shows the full
width at half-maximum (FWHM) of the (0010) peak is
only 0.04°, indicating the high crystalline quality. The
interplanar spacing is calculated to be 14.84 A, similar
to previous report [46]. According to the EDX data (see
Fig. S1 of Supplemental Material [48]), the molar-ratio
between Pb, Ta and S atoms amounts to 1: 3: 6, in good
agreement with the nominal one.
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FIG. 1. (a) The crystal structure of Pb; /3 TaS; along different
directions. (b) XRD pattern of the single crystal with (001)
reflections, the inset of the right panel zooms in the (0010)
reflection.

Figure a) shows the in-plane resistivity pqp as a func-
tion of temperature T' for Pb;,3TaSs, which exhibits
metallic behavior with a high residual resistivity ratio
(RRR = p(300K)/p(3K)) amounting to 24. The zoom-
in figure in the inset of Fig. a) shows a sharp super-
conducting transition, T7°% of which determined at the
half value of the normal state resistivity is around 2.8
K, higher than 2H-TaS; (T, = 0.8 K) [49] and PbTaS,
(T. = 2.6 K) [32]. Figure [2[b) shows the T" dependence
of dc magnetic susceptibility with an external magnetic
field (H = 2 Oe) along ab-plane. The diamagnetic signal
reveals a superconducting transition at 2.7 K in consis-
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FIG. 2. (a) T dependence of the electrical resistivity pa; of Pby/3TaSs single crystal. The inset shows the superconducting

transition around 7.

(b) T dependence of dc magnetic susceptibility (H//ab, H = 2 Oe) around T.. (c) Magnetic field

dependence of Hall resistivity for Pby,3TaS2 at different temperatures. Inset: the Hall coefficient vs. temperature. (d) and (e)
The low T resistivity under different magnetic fields of single crystal, magnetic field parallel and perpendicular to the ab-plane,
respectively. (f) T' dependence of the H.o with two-band fits for both directions, the black line dictates the Pauli paramagnetic

limit.

tent with transport measurements. The shielding volume
fraction of superconductivity is close to 100% from the
zero-field cooling (ZFC) process.

The Hall data p,, at different temperatures are pre-
sented in Fig. c). Pyz 1s positive and linear in field,
which suggests holes dominate in charge transport. The
inset of Fig. Pfc) presents the Hall coefficient Ry =
pyz/H, which varies slowly with 7. Note that the car-
rier concentration n cannot be directly deduced from Ry
given the multi-band nature of Pb,/3TaS; (see the band
structure below).

Figures [2(d)-(e) show the T dependent po, at vari-
ous fields perpendicular and parallel to the ab-plane, re-
spectively. The superconducting transition broadens and
shifts towards lower temperatures by increasing fields,
due to a field-induced pair breaking effect. The up-
per critical field for H//ab (HX) and H//c (HS,) ver-
sus T°9% are summarized in Fig. [2{f), which exhibits
an upward curvature. Similar features were reported in
PbTaSes [50] and PbTaS, [32], in which the upward fea-
ture was roughly fitted by

Hiea)(t) = Hieoy(0)(1 — £3/2)3/2 (1)

where t = T/T.. Equationarises from a local-pairing
mechanism [5I], however, which does not fit our data
well.

An alternative interpretation of the upward feature
suggests that Pb;/3TaS; has multi-gap nature, as in

MgB, [52, B3], NbSes [54] and some iron-based super-
conductors [55H57]. As seen in Fig. [2f(f), the data is well
fitted by a two-gap model [58]:

ag[int + U (h)][int + U(nh)] + a1[int + U (h)]

+ ag[lnt +U(nh)] =0 @

where t = T/T, and h = H.D1/(2¢0/T) is the re-
duced temperature and critical field, in which a9 =
2(M1d22 — A1), a1 = 14+ (A1 — Aa2)/Xo, a2 =
1 — (M1 = A22)/ X0, Ao = (M1 — A22)? + 4h2001) Y2,
and A12(A21) are the intraband and interband BCS cou-
pling constants, respectively , ¢(z) is the digamma func-
tion, Dy and D5 are the diffusivity of each band. The fit
parameters are listed in table S1 (see the Supplemental
Material [48]).

According to the fitting, the upper critical field at
zero-T H(0) and HS(0) are estimated to be 6.84 T
and 0.4 T, respectively. The in-plane HZ(0) slightly ex-
ceeds the Pauli paramagnetic limit (uoH2®(0) = 1.84
T, ~ 5.15 T). Subsequently, the superconducting coher-
ence length is calculated to be £, (0) &~ 28.7 nm and &.(0)
~ 1.68 nm through the Ginzburg-Landau(GL) formula:

S = ®g/2n€2, and HY = ®g/2n€upé.. Interestingly,
&:(0) is close to the lattice constant. Moreover, the su-
perconducting anisotropy (vg., = HY/HS,) is as large
as 17.1, larger than that in 2H-TaS, (6.7) [59], which is
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FIG. 3. (a) Magnetization M (H) curves at various temper-
atures of Pb;,3TaSz single crystal, the inset shows the loop
taken at 1.8 K. (b) The superconducting H-T' phase diagram
Of Pb1/3TaSQ.

consistent with the fact that the distance between ad-
jacent TaSs blocks is 7.42 A for Pb; /3TaSs, larger than
6.05 A of 2H-TaS, [60]. Above all, the results indicate
the q-2D superconducting nature in Pb, /3TaS,.

In order to gain further information of the supercon-
ducting state, the isothermal magnetization M (H) with
field along ab-plane is presented in Fig. (a) at various
temperatures. The inset shows the full magnetization
loop at 1.8 K, indicating Pb;,3TaS, is a typical type-II
superconductor.

The in-plane lower critical field H2? can be determined
at the point which the magnetization curve starts to de-
viate from the linear Meissner response. H%’ versus T is
plotted in Fig. (b), which is fitted by the conventional
formula H.;(T) = H.1(0)[1 — (T/T.)?] for a weakly cou-
pled superconductor [61]. H2 at zero-T is estimated to
be 16.3 Oe.

Using the relationship H%(0)/HY(0) = 2k2,/Inkap
and kqp(0) = Agp(0)/€.(0), we estimate the GL param-
eter kg ~ 98.1 and penetration depth A, (0) ~ 164.8
nm, the resulted parameters are summarized in Table [I]

for brevity, indicating Pb;/3TaSs is an extreme type-II
superconductor with highly anisotropic properties.

TABLE I. The anisotropic superconducting parameters of
Pb;/3TaSy single crystal.
Parameters Values (unit)
HZ(0) 6.84 (T)
&(0) 0.4 (T
€ab(0) 28.7 (nm)
£:(0) 1.68 (nm)
HZ(0) 16.3 (Oe)
Aab(0) 164.8 (nm)
Kab 98.1
YH o 17.1

Now we report the topological electronic bands of the
Pby/3TaSy system predicted by our first-principles cal-
culations. Fig. [{a) presents the electronic band struc-
ture of Pby/3TaSy in the presence of SOC, with high-
symmetry k points given in Fig. b). Six isolated bands
(numbered as band 1 to 6 from low to high energy) are
located in the vicinity of the Fermi energy. Each band
has double degeneracy (Kramers pair) because of the PT
symmetry. The band dispersion along the k, direction
(i.e., A-T', K-H) is relatively weak in comparison to that
along the in-plane direction (i.e., A-L-H-A, I'-M-K), in-
dicating the g-2D of the material, in agreement with the
experimental observation.

For further analysis, it is essential to list the crystalline
symmetries in Pb;,3TaSs that are of particular impor-
tance: three vertical mirrors Mg = {2[110]| 0,0,0},
M[lgo] = {2[120” 0,0,0}, M[210] = {2[210]‘ 0,0,0}, a
horizontal mirror Moe1) = {2[001]] 0,0, 3}, a threefold
rotation Cspgo1) = {3[001]] 0,0,0}, and a sixfold screw
Copory = {6[001]] 0,0,4}. In combination with ver-
tical mirrors and the PT symmetry, M|gpi nonsym-
morphically dictates multiple Dirac nodal lines on the
k. = = plane [colored by blue in Fig. [f[b)] for every
two bands [23] [24]. We refer to the nodal lines between
bands 1 and 2 as NL1, similarly for NL2 and NL3, as
illustrated in Fig. a). Crossing bands for each nodal
line are distinguished by opposite Mg} eigenvalues (i
or —i) as shown in Fig. [{a). Detailed argument can
be found in Supplemental Material [48]. Apart from the
symmetry-enforced degeneracies, an accidental Miggy)-
protected nodal line (NL4) exists between bands 5 and
6 [Fig. [4[a) (left inset) and Fig. [d(b)]. As stabilized by
the mirror Mooy, each line node in NL1-4 is shown to
carry a zero-dimensional topological charge Q = 1 [23],
confirming the nontrivial topology of above nodal lines.

Along with the line degeneracies, Figs. [d{(a)-(b) reveal
two sets of Dirac points on the rotation/screw axes A-I'
and K-H, denoted as DP1 and DP2, with the stability
guaranteed by the sixfold screw Cggg1) and threefold ro-
tation Csjgoq), respectively. If 2% compression along the
b axis breaks Csjgo1) and consequently opens up DP2,
the crossing bands (bands 4 and 5) will become fully
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Electronic structure of Pby/3TaSs. (a) Electronic bands along a high-symmetry path. Energy is measured from

the Fermi level. Orange and green distinguish crossing bands with different symmetry operation eigenvalues or irreducible
representations (IRs). Dirac line and point degeneracies are labeled and highlighted in blue. Note that along the I'-M-K-H
line, all the seemingly gap closings are actually open at the meV scale except for DP2 and those at point H. Insets display
zoom-in views of the band structure. The band gap in the left inset is exaggerated to enhance the visibility. (b) Brillouin
zone (BZ) and surface BZ of Pby,3TaS,. High-symmetry points are marked. Dirac nodal lines and points are indicated. (c)
Momentum-resolved densities of states (DOS) of a semi-infinite (001) Pb-terminated slab. Yellow and dark red correspond to
high and low density, respectively. The bulk nodes as well as surface states are highlighted.

gapped, leading to a Zo = 1 (See Supplemental Material
for details [48]). Therefore, topological surface states will
emerge between bands 4 and 5 [3], as discussed below.
By constructing a semi-infinite (001) slab with the
Pb termination, we demonstrate the momentum-resolved
surface density of states (DOS) of Pby 3TaS; in Fig. (c)
High-symmetry points in the reduced surface BZ are
given in Fig. [4b). Surface states and the corresponding
bulk line or point nodes are labeled. Along the M-T'-
M path [left panel of Fig. [4c)], surface states related to
DP1, DP2 and NL3 are observed in turn from low to high
energy. The surface band SS’2 is particularly illustrated
in the left zoom-in view of Fig. c). SS’2 consistently
appears even if DP2 is opened up by a symmetry break-
ing (e.g., compression along the b axis), because of the
inverted band structure and the resulting Z, invariant 1.
Along the K-X;-K direction [right panel of Fig. C)],
line nodes responsible for NL1, NL2 and NL3, as well as

the induced boundary modes are emergent. We note that
NL4 is covered by the high-intensity surface modes from
NL3, therefore invisible in the surface spectrum.

Although many candidates of NLSMs have been pro-
posed, experimental realizations of NLSMs are still rel-
atively scarce [I7, 62]. Ome of the biggest challenges
is that the most of the NLSMs theoretically predicted
are fragile to SOC (e.g., PbTaS; [32] and SnTaS, [33]).
In our study, we have proposed a new TCM Pby,3TaS,
hosting nodal-line structures, which remain stable even
under significant SOC by virtue of the nonsymmorphic
symmetry protection, and hence can be observed in a
realistic experiment. Remarkably, Pb;/3TaS; also pos-
sesses multiple Dirac points that can be driven into a TT
phase by breaking the rotation symmetry. We predict
Dirac-cone-like surface modes on the (001) surface, ow-
ing to the nontrivial band topology. Moreover, the q-2D
feature and anisotropic transport are also supported by



the band dispersions. Our results signify that Pb; /3 TaS,
could act as a prospective platform to study the interac-
tion between topological property and superconductivity.
For the future work, angle-resolved photoemission spec-
troscopy (ARPES) and scanning tunneling microscopy
(STM) studies are needed to identify the band structure
and superconducting gap directly.

IV. CONCLUSION

In summary, from first-principles calculations, the cen-
trosymmetric Pb; /3TaSs manifests multiple nodal states
along with Dirac-cone-like surface states in the presence
of SOC. Additionally, our experimental results suggest g-
2D superconductivity with highly anisotropic features in
this system. The combination of nontrivial band topol-
ogy and superconductivity makes Pb; /3TaSy a new can-
didate for further research of TSCs. Our work presents
an important breakthrough in searching for new topolog-
ical phases by building blocks design based on symmetry
analysis.
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