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Superconducting materials with a nontrivial band structure are potential candidates for topological supercon-
ductivity. Here, by combining muon-spin rotation and relaxation (#SR) methods with theoretical calculations,
we investigate the superconducting and topological properties of the rocksalt-type compounds NbC and TaC
(with 7, = 11.5 and 10.3 K, respectively). At a macroscopic level, the magnetization and heat-capacity
measurements under applied magnetic field provide an upper critical field of 1.93 and 0.65 T for NbC and
TaC, respectively. The low-temperature superfluid density, determined by transverse-field SR and electronic
specific-heat data, suggest a fully gapped superconducting state in both NbC and TaC, with a zero-temperature
gap Ap = 1.90 and 1.45 meV, and a magnetic penetration depth Ao = 141 and 77 nm, respectively. Band-
structure calculations suggest that the density of states at the Fermi level are dominated by the Nb 4d (or Ta
5d) orbitals, which are strongly hybridized with the C p orbitals to produce large cylinderlike Fermi surfaces,
similar to those of high-7; iron-based superconductors. Without considering the spin-orbit coupling (SOC) effect,
the first Brillouin zone contains three closed node lines in the bulk band structure, protected by time-reversal and
space-inversion symmetry. When considering SOC, its effects in the NbC case appear rather modest. Therefore,

the node lines may be preserved in NbC, hence proposing it as a potential topological superconductor.

DOI: 10.1103/PhysRevB.101.214518

I. INTRODUCTION

Recently, the binary transition-metal arsenide (TMA) ma-
terials have been widely studied due to their exotic physical
properties. Here, TM represents an early transition metal
(e.g., Cr, Nb, Mo, Ta, or W), while A represents a carbon-,
pnictogen-, or chalcogen-group element (e.g., C, P, or As).
Some TMA materials are believed to exhibit unconventional
superconductivity (SC). For instance, originally CrAs and
MnP exhibit antiferromagnetic and ferromagnetic long-range
order below 264 and 290 K, respectively [1]. Under applied
pressure, the magnetic order is suppressed and a domelike su-
perconducting phase appears near the magnetic quantum crit-
ical point, suggesting an unconventional SC pairing in these
materials [1-5]. Beyond superconductivity, TMAs are among
the best candidate materials for studying topological phe-
nomena. Weyl fermions, originally predicted in high-energy
physics [6], were recently discovered as quasiparticles in
Ta(As,P) and Nb(As,P) crystals via angle-resolved photoemis-
sion experiments [7—11]. Later on, three-component fermions
were experimentally observed in MoP and WC [12,13]. Now,
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all the above-mentioned TMA materials are known as Weyl or
topological semimetals.

The materials where superconductivity coexists with a
nontrivial topological band structure may exhibit emergent
phenomena, such as topological superconductivity and Ma-
jorana fermions [14,15]. By applying external pressure, the
topological semimetal MoP becomes a superconductor, whose
T, raises up to 4 K (above 90 GPa) [16], thus representing
a candidate topological superconductor. In contrast to MoP,
the orthorhombic WP is a superconductor already at ambient
pressure (below 0.8 K) [17], but its topological nature is
not yet known. In addition to MoP and WP, the transition-
metal carbides (TMCs), too, can exhibit a large variety of
band topologies in their different structural forms. The TMCs
provide an exciting family of candidate materials for studying
the rich physics of topological SC and Majorana bound states.
Generally, TMCs with a 1:1 metal-carbon stoichiometric ratio
adopt two types of crystal structures. One is the so-called &
phase, a centrosymmetric cubic structure with space group
Fm3m (No. 225), also known as rocksalt phase. The other is
the y phase, a noncentrosymmetric hexagonal structure with
space group P6m?2 (No. 187). The above-mentioned topolog-
ical MoP and WC semimetals crystallize in the y phase. In
the case of MoC, although its SC has been reported in the
1970s [18], its physical properties have been overlooked due
to difficulties in synthesizing clean samples. Only recently, the
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carbon-defective § and y phase of MoC,_, (with T, = 14.3
and 8.5 K) could be synthesized under high-temperature high-
pressure conditions (1700 °C, 6-17 GPa), and their crystal
structures and physical properties be studied via different
techniques [19-21]. Moreover, in both § and y MoC, first-
principles calculations could show the coexistence of SC with
nontrivial band topology [22].

Other TMCs, such as é-type VC and CrC, are also
predicted to be superconductors with nontrivial topological
band structures and, therefore, are candidates for search-
ing for topological superconductivity [23]. Although both
VC and CrC should exhibit relatively high critical tem-
peratures [24-27], to date experimental evidence is incon-
sistent. For VC, the experimentally reported value (7, ~
2 K) is an order of magnitude less than the theoretically
predicted one (~18 K) [27,28]. As for CrC, experimental
evidence of SC is still missing. Besides MoC, also NbC
and TaC show rocksalt-type structures [29] and become
superconductors below 11 K [18,30,31]. Unlike MoP or
MoC, where extremely high pressures are required to in-
duce SC, either during synthesis or as an external tuning
parameter [16,19-21], NbC and TaC are easy to synthe-
size and show SC already at ambient pressure. However, to
the best of our knowledge, none of the early works had a
follow-up regarding the microscopic investigation of their
superconducting properties. Considering that §-type VC and
CrC show nontrivial topological band structures, we ex-
pect the isostructural NbC and TaC, too, to exhibit similar
features.

In this paper, we report on an extensive study of the
superconducting properties of the NbC and TaC carbides,
carried out via magnetization, heat-capacity, and muon-spin
relaxation/rotation (uSR) measurements. In addition, we
also present numerical density-functional-theory (DFT) band-
structure calculations. We find that both NbC and TaC exhibit
a fully gapped superconducting state, while their electronic
band structures suggest that, without considering spin-orbit
coupling (SOC), both compounds are nodal line semimetals.
After taking SOC into account, the degenerate bands are
gapped out, except for six Dirac points on the high-symmetry
lines. Therefore, these two carbides are potential candidates
for studying topological SC and its associated Majorana
bound states.

II. EXPERIMENTAL AND NUMERICAL METHODS

The samples consisted of high-purity NbC and TaC
(994-%) powders acquired from ChemPUR. For the heat-
capacity and SR measurements the powders were pressed
into small pellets, while for the magnetization measurements
loose powders were used. Room-temperature x-ray powder
diffraction (XRD) measurements were performed on a Bruker
D8 diffractometer using Cu K« radiation. The magnetic sus-
ceptibility, and heat-capacity measurements were performed
on a 7-T Quantum Design magnetic property measurement
system (MPMS-7) and a 9-T physical property measurement
system (PPMS-9). The uSR measurements were carried out
at the general-purpose-surface-muon (GPS) spectrometer of
the Swiss muon source at Paul Scherrer Institut, Villigen,
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FIG. 1. Room-temperature x-ray powder diffraction pattern and
Rietveld refinements for TaC. The open red circles and the solid
black line represent the experimental pattern and the refinement
profile, respectively. The blue line at the bottom shows the residuals,
i.e., the difference between the calculated and the experimental data.
The vertical bars mark the calculated Bragg-peak positions. The
cubic crystal structure (unit cell) is shown in the inset.

Switzerland [32]. The uSR data were analyzed by means of
the MUSRFIT software package [33].

The electronic band structures of NaC and TaC were
calculated via the density functional theory, within the gen-
eralized gradient approximation of Perdew-Burke-Ernzerhof
realization [34], as implemented in the Vienna ab initio Simu-
lation Package (VASP) [35,36]. The projector augmented wave
pseudopotentials were adopted for the calculation [37,38].
Electrons belonging to the outer atomic configuration were
treated as valence electrons, here corresponding to 5 electrons
in Ta (5d36s%), 11 electrons in Nb (4p%4d*5s), and 4 electrons
in C (25%2p?). The kinetic energy cutoff was fixed to 550 eV.
For the self-consistent calculation, the Brillouin zone integra-
tion was performed on a I'-centered mesh of 20 x 20 x 20 k
points. The spin-orbit coupling was taken into account by
using a scalar relativistic approximation. In our calculations
we used the lattice parameters and the atomic positions exper-
imentally determined from the Rietveld refinements.

III. RESULTS AND DISCUSSION

A. Crystal structure

The phase purity and the crystal structure of NbC and
TaC powders were checked via XRD at room temperature.
Figure 1 shows the XRD pattern of TaC (with NbC show-
ing a similar pattern), analyzed by means of the FULL-
PROF Rietveld-analysis suite [39]. Consistent with previous
neutron-scattering results [29], we find that NbC and TaC
powders crystallize in the simple fcc NaCl-type structure, with
space group Fm3m (No. 225) (see crystal structure in the inset
of Fig. 1). There are only two atomic positions in the unit cell:
4a (0,0,0) for the Nb/Ta atoms, and 4b (0.5,0.5,0.5) for the C
atoms. The refined lattice parameters, a = 4.4676(1) A (NbC)
and a = 4.4557(1) A (TaC), are consistent with the values
determined from neutron scattering [29]. No impurity phases
could be detected in either case, thus indicating a good sample
quality.

214518-2



SUPERCONDUCTIVITY AND TOPOLOGICAL ASPECTS OF ...

PHYSICAL REVIEW B 101, 214518 (2020)

T T T
0.0 F(a) e 0
02 toH = 5 mT
04l &S O @ NbC - ; 2
23-06 [ § H TaC ] - QE)
08f S TNWC=115K ] =
zFC TI = 10.3K ] 2=
1.0 c b
1.2+ .
35 e 3
30 1oHNEC(0) = 10.3 mT 7°
e 25 1oHIEC(0) =203 mT T [ )
£ 2 . 13
5 ] §
Io 15 7] =
=10 E 22
5 ] .
0 1 I 1L . L 1 3
0 5 10 15 200 50 100 150
T(K) boH (mT)

FIG. 2. (a) Magnetic susceptibility of NbC and TaC vs tempera-
ture, measured in an applied field of 5 mT using both ZFC and FC
protocols. (b) Estimated lower critical field uoH, vs temperature for
NbC and TaC. The solid lines are fits to puoH.((T) = woH. (0)[1 —
(T /T.)*]. Field-dependent magnetization recorded at various temper-
atures up to 7, are shown in (c) for NbC and (d) for TaC. For each
temperature, the lower critical field uoH,; was determined as the
value where M (H ) starts deviating from linearity (see dashed lines).

B. Magnetization measurements

The superconductivity of the NbC and TaC powders was
first characterized by magnetic susceptibility measurements,
carried out in a 5-mT field, using both field-cooled (FC)
and zero-field-cooled (ZFC) protocols. As indicated by the
arrows in Fig. 2(a), a clear diamagnetic signal appears below
the superconducting transition at 7, = 11.5 and 10.3 K for
NbC and TaC, respectively. The M(H) data for NbC and
TaC are plotted in Figs. 2(c) and 2(d), respectively. In both
cases, the field-dependent magnetization M (H ), collected at
various temperatures up to 7, allowed us to determine the
lower critical field uoH,.;. The estimated woH,., values as a
function of temperature are summarized in Fig. 2(b). The solid

lines represent fits to woH, (T) = uoH.1(0)[1 — (T /T.)*] and
yield a lower critical field of 10.3(3) and 29.3(3) mT for NbC
and TaC, respectively.

C. Upper critical fields

To estimate the upper critical field woH,» of NbC and TaC,
temperature-dependent magnetization M (T, H) and specific-
heat C(T, H)/T measurements, at various applied magnetic
fields, as well as field-dependent magnetization M(H, T)
measurements, at various temperatures, were performed. As
shown in Figs. 3(a) and 3(d), in both samples, the diamagnetic
signal progressively disappears as the applied magnetic field
exceeds the upper critical field. In Figs. 3(b) and 3(c) and
in Figs. 3(e) and 3(f), the superconducting transition in both
M(T) and C(T)/T datasets shifts towards lower tempera-
tures as the applied field increases. In zero magnetic field,
T. = 10.8 and 10.2 K, determined from C(T)/T for NbC
and TaC, are consistent with the 7. values determined from
magnetic susceptibility data [Fig. 2(a)]. The upper critical
fields determined from M(H,T), C(T,H)/T, and M(T,H)
data are summarized in Figs. 4(a) and 4(b) as a function of
the reduced superconducting transition temperature 7;./7.(0)
for NbC and TaC, respectively. The poH:»(T) behavior was
analyzed by means of the Werthamer-Helfand-Hohenberg
(WHH) and Ginzburg-Landau (GL) models [40—42]. Both
models describe the experimental data very well at low fields.
However, at higher applied fields, the fits to the WHH model
(dash-dotted lines) deviate significantly from the data, clearly
providing underestimated poH values. Conversely, the GL
model (solid lines) shows a remarkable agreement with the
experimental data also at higher fields. Fits to the GL model,
which reproduces the data very well across the full temper-
ature range, provide ,uOHCGZL(O) = 1.93(1) and 0.65(1) T for
NbC and TaC, respectively.

D. Zero-field uSR

Zero-field (ZF) uSR measurements are quite suited for
detecting possible magnetic order or magnetic fluctuations,

5T \ ] &gg N T T T T ]
=t
0.05T ge_'
=
E3f
=t
L1 |N.bC| . |(t?) oo
3 6 9 12 15 0
o T g f
L S5 |
0.05T Eg L
- 1 3
L E T -
| :3- % 04T -
2 4 = L ¢ i
[ . 1 .TlaC. |(d) P |T.aC| . |(e) 00 . 1 .TlaC. |(f)
00 02 04 06 038 0 3 6 9 12 15 0 3 6 9 12 15
HoH (T) T (K) T (K)

FIG. 3. (a) Field-dependent magnetization M (H, T') collected at various temperatures, (b) temperature-dependent magnetization M (T, H),
and (c) specific heat C(T', H)/T measured in various applied magnetic fields for NbC. The analogous results for the TaC samples are presented

in panels (d)—(f), respectively.
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FIG. 4. Summary of the upper critical field data woH,.,
vs reduced temperature 7./7.(0), as determined from field-
dependent magnetization M (H, T'), temperature-dependent magne-
tization M(T, H), and specific heat C(T, H)/T for (a) NbC and
(b) TaC, respectively. For M(H, T), the H,, value was determined as
the field where the diamagnetic signal is suppressed. Two different
models, including an effective GL (solid lines) and a WHH model
(dash-dotted lines), were used to analyze the poH.,(T') data.

as well as time-reversal symmetry breaking in the supercon-
ducting state. Here, we performed ZF-uSR measurements in
both the normal and the superconducting states of NbC and
TaC, with representative spectra collected above and below
T, being shown in Fig. 5. In either case, neither coherent
oscillations nor fast decays could be identified, hence imply-
ing the lack of any magnetic order or fluctuations. The weak
muon-spin relaxation detected in the absence of an external
magnetic field is mainly due to the randomly oriented
nuclear moments, which can be modeled by a Gaus-
sian Kubo-Toyabe relaxation function Ggr = [§ + 3(1 —
o 2:12)e~%""12] [43,44]. Here, oy is the zero-field Gaussian
relaxation rate. The solid lines in Fig. 5 represent fits to the
data by considering also an additional zero-field Lorentzian
relaxation Azp, i.e., Azp(r) = A;Gxre %' + Ap,. Here A
and Apg represent the initial muon-spin asymmetries for
muons implanted in the sample and sample holder (copper),
respectively. In either carbide compound, the relaxations in
both the normal and the superconducting states are almost
identical, as demonstrated by the practically overlapping ZF-
USR spectra above and below 7. This lack of evidence for an
additional SR relaxation below 7, excludes a possible time-
reversal symmetry breaking in the superconducting state of
NbC or TaC and is supported also by the theoretical arguments
discussed in Sec. III G. The larger Gaussian relaxation rate
of NbC (ozr = 0.432 ,us’l) compared to TaC (ozrp = 0.183
us~ 1) reflects the larger nuclear magnetic moment of **Nb
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FIG. 5. ZF-uSR spectra of (a) NbC and (b) TaC, recorded in the
superconducting and the normal states. Solid lines are fits using the
equation described in the text. None of the datasets shows evident
changes with temperature.

(6.2u,) compared to '8!Ta (2.4u,), the two ratios (in the
presence of similar structures) being almost the same, ~2.5.
Finally, both samples show a very small Lorentzian relaxation
(Azg ~ 0.011 s™1). Unlike in pure Nb, where there is a clear
muon hopping (with a mobility minimum at 50 K) and where a
dynamic Kubo-Toyabe function describes the ZF-u SR spectra
quite well [45], in the NbC and the TaC case, no dynamic
features were observed.

E. Transverse-field uSR

To investigate the superconducting properties of NbC
and TaC at a microscopic level, we carried out systematic
transverse-field (TF) ©SR measurements. Generally, perform-
ing such measurements on type-II superconductors requires
an applied magnetic field which exceeds poH, 1, thus allowing
one to quantify the additional field-distribution broadening
due to the flux-line lattice (FLL). Ideally, the optimal field
value for such measurements is determined experimentally,
via field-dependent uSR depolarization-rate measurements
in the superconducting state. To track the additional field-
distribution broadening due to the FLL in the mixed super-
conducting state, a magnetic field (up to 780 mT) was applied
in the normal state and then the sample was cooled down to
1.5 K, where the TF-SR spectra were collected.

As an example, Fig. 6(a) shows the spectra collected in an
applied field of 30 and 400 mT in NbC, with TaC showing
similar features. The solid lines are fits using the same model
as described in Eq. (2) below. The resulting superconducting
Gaussian relaxation rates o (H ) are summarized in Fig. 6(b).
For both NbC and TaC, the relaxation rate decreases continu-
ously when the applied field is larger than the lower critical
field poH, . Therefore, as indicated in Fig. 6(b), fields of
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FIG. 6. (a) TF-uSR time spectra collected in the superconduct-
ing state of NbC (at T = 1.5 K) in an applied field of 30 and 400 mT.
Similar results were obtained for TaC. (b) Field-dependent Gaussian
relaxation rate o, (H ) for NbC and TaC. Solid lines are fits to Eq. (1),
as described in the text. The arrows indicate the field values used in
the temperature-dependent TF-uSR studies of NbC and TaC, 50 and
60 mT, respectively.

50 and 60 mT were chosen as suitable for the temperature-
dependent TF-uSR studies of NbC and TaC, respectively.
The field-dependent Gaussian relaxation rate o, (H) can be
described by the expression [46,47]

®
o = 0.172%(1 — W+ 1211 = VAP 2, (D)
JT

where X is the magnetic penetration depth, y,, = 27 x 135.53
MHz/T is the muon gyromagnetic ratio, and h = H,pp1/Heo,
with Hypp the applied magnetic field. The above expres-
sion is valid for type-II superconductors with ¥ > 5 in the
0.25/k'3 < h < 1 field range. With x ~ 13 and 5, and h =
0.026 and 0.092 for NbC and TaC, both samples fulfill the
above conditions. The solid lines in Fig. 6(b) are fits to Eq. (1).
The derived woH, = 1.81(2) and 0.43(1) T and magnetic
penetration depths Ay = 134(2) and 67(1) nm for NbC and
TaC are comparable with the measured upper critical field
values (see Fig. 4) and those determined via temperature-
dependent TF-uSR (see Fig. 8).

TF-uSR spectra were also collected at various tempera-
tures up to 7, in a fixed applied field. Figures 7(a) and 7(b)
show representative TF-uSR spectra, collected below (1.5 K)
and above T, (12 K), for both NbC and TaC. The additional
field-distribution broadening due to FLL in the mixed state
is clearly reflected in the enhanced muon-spin depolarization
below T.. To describe the field distribution, the asymmetry of
TF-uSR spectra can be modeled using

Ap(t)= Z A; cos(y,Bit +¢5)e_"'2’2/2 +Apg cOs(yuBogt +¢).

i=1
2
Here A; and Ap, are the same as in ZF-uSR, with the
latter term not undergoing any depolarization. B; and By
are the local fields sensed by implanted muons in the sample
and sample holder, ¢ is a shared initial phase, and o; is the
Gaussian relaxation rate of the ith component.

FFT (arb. units)
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FIG. 7. TF-uSR spectra collected in the (a) superconducting
(1.5 K) and (b) normal state (12 K), in an applied field of 50 mT for
NbC and 60 mT for TaC. Fast Fourier transforms of the relevant time
spectra at (c) 1.5 K and (d) 12 K. The solid lines through the data are
fits to Eq. (2); the vertical dashed lines mark the applied magnetic
fields. Note the clear diamagnetic shift and the field broadening in
(c), typical of the superconducting phase.

Figures 7(c) and 7(d) show the fast Fourier transform (FFT)
of the TF-uSR spectra in Figs. 7(a) and 7(b), respectively.
As can be seen in Fig. 7(c), the field distribution in TaC
is much broader and asymmetric than in NbC, consistent
with a larger muon-spin depolarization in TaC in Fig. 7(a).
Solid lines represent fits to Eq. (2) using a single oscillation
(i.e., n=1) or two oscillations (i.e., n = 2) for NbC and
TaC, respectively. The derived Gaussian relaxation rates as a
function of temperature are summarized in the insets of Fig. 8,
together with the diamagnetic shifts. Above 7, the relaxation
rate is small and temperature independent, but below T, it
starts to increase due to the formation of the FLL and the
increase in superfluid density. In addition, a diamagnetic field
shift appears in both samples below 7.

In the case of multicomponent oscillations, the first term
in Eq. (2) describes the field distribution as the sum of n
Gaussian relaxations (here n = 2 for TaC) [48]:

2\ A vi(B—Bi)?
P(B) = m;;iexp | 3)

The first and the second moments of the field distribution can
be calculated by [48]

— <B>>2], )

where Ay, = A + A,. After subtracting the nuclear relaxation
rate oy, according to o = /03 — o2, the superconducting
Gaussian relaxation rate oy, can be extracted. The o, is
considered to be temperature independent, as confirmed also
by the ZF-uSR data in Fig. 5.

214518-5



T. SHANG et al.

PHYSICAL REVIEW B 101, 214518 (2020)

[ T T T ]
50 (a) NbC -
w0l e TF-50 mT]
b 30 '_ af T T i AN )
\% L3 [ e
" .
(:'< 20 __32 3 §9 Tc
oL |
10 i 0 1 1 | |. o
oL 0 3 6T K9 12
200 b —— ( 1
0) 4 (b) TaC
150 |- B TF-60 mTq
£100 ol :
~ X -
I e 1 1
ol @ Mg
OF 0 3 6 9 12 15
1 T(K)I 1 N 1 N 1 N
0.0 0.2 0.4 0.6 0.8 1.0 1.2

FIG. 8. Superfluid density vs temperature, as determined from
TF-uSR measurements in an applied magnetic field of 50 mT for
(a) NbC and 60 mT for (b) TaC. The insets show the temperature
dependence of the muon-spin relaxation rate o (7') and of the dia-
magnetic shift [AB(T) = (B) — Byppl.]. Two o values are required to
describe the TF-uSR data of TaC, while NbC requires only one o
[see details in Fig. 7(c)].

For both NbC and TaC, the inverse square of the mag-
netic penetration depth A =2(T") [proportional to the superfluid
density ps.(7')] is calculated by using Eq. (1) and shown in
the main panels of Fig. 8 vs the reduced T /T,. Below T,/3,
the superfluid density is almost constant, thus excluding the
possibility of superconducting gap nodes and indicating a
fully gapped SC in NbC and TaC. To gain more quantitative
insights into the superconductivity of NbC and TaC, the
superfluid density ps.(7T) was further analyzed by means of
a fully gapped s-wave model:

> E 9
__E
AT VE?2 — AX(T) OE

Here f = (1 + ¢f/%T)~1 and A(T) are the Fermi and the
superconducting-gap functions. The A(T') is assumed to fol-
low A(T) = Aptanh{1.82[1.018(T./T — 1)]°7'} [49], where
Ay is the zero-temperature superconducting-gap value. The
solid lines in the main panels of Fig. 8 are fits to the above
model with a single gap, which yield zero-temperature gap
values Ay = 1.90(2) and 1.45(1) meV, and magnetic pene-
tration depths Ao = 141(2) and 77(1) nm for NbC and TaC,
respectively. Since in NbC, the Hyppi/Her < 1, the magnetic
penetration depth can also be calculated using o (T)/y;; =
0.003 71¢(2)/A4(T) [47], which gives a comparable Xy =
162(2) nm.

According to the GL theory of superconductivity, the
coherence length & can be calculated by using & =
/®o/2m Hp, where &g = 2.07 x 103 T nm? is the quantum

Pc(T)=1+2 S

N
CIT (mJ/mol-K?)

00 02 04 06 0.8 1.0 1.2
TIT,

FIG. 9. Normalized electronic specific heat C./y,T vs reduced
temperature 7'/T, for NbC (a) and TaC (b). Here y, is the normal-
state electronic specific-heat coefficient. The measured specific heat
C/T vs T? are shown in the insets. The dashed lines in the insets
are fits to C/T =y, + BT? + 8T* for T > T., while the solid lines
in the main panel represent the electronic specific heat calculated by
considering a fully gapped s-wave model for 7' < T..

of magnetic flux. With a bulk poH:»(0) = 1.93(1) and 0.65(1)
T, the calculated £(0) are 13.1(1) and 22.5(1) nm for NbC and
TaC, respectively. A GL parameter k = /£ ~ 11 (NbC) and
3.4 (TaC), much larger than the 1/ /2 threshold value, clearly
confirms the type-II superconductivity in both NbC and TaC,
consistent with the magnetization results in Sec. III B.

F. Zero-field specific heat

The zero-field electronic specific-heat data were further an-
alyzed. As shown by the dashed lines in the insets of Fig. 9, the
normal-state specific heat was fitted to C/T = y, + BT? +
8T*, where y, is the normal-state electronic specific-heat
coefficient, and the two other terms account for the phonon
contribution to the specific heat. After subtracting the latter
from the experimental data, the obtained electronic specific
heat divided by the electronic specific-heat coefficient, i.e.,
Ce/waT, is shown in the main panels of Fig. 9 vs the reduced
temperature 7' /T.. The solid lines in Fig. 9 represent fits with
Ya = 3.0(4) and 3.1(8) mJ/mol K? and a single isotropic gap
Ay = 1.73(2) and 1.54(2) meV for NbC and TaC, respec-
tively. They reproduce very well the experimental data, while
being comparable with the TF-u SR results (see Fig. 8).

The Debye temperature ®p can be calculated by using
Op = (127*Rn/58)'/3, where R = 8.314 J/mol K is the
molar gas constant and n = 2 is the number of atoms per
formula unit. With 8 = 8.0(8) and 19(2) uJ/mol K*, the
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estimated ®p are 790(20) and 590(20) K for NbC and
TaC, respectively. The density of states (DOS) at the Fermi
level N(ep) were evaluated from the expression N(ep) =
3yn/(m%k3) ~1.3 states/eV f.u. for both NbC and TaC [50],
where kg is the Boltzmann constant. The electron-phonon
coupling constant A., was estimated from the ©p and T;
values by using the semiempirical McMillan formula [51]:

1.04 + p* In(®p/1.45T,)

hep = )
P (1 —-0.62 u*)In(Op/1.45T,) — 1.04

(6)

The Coulomb pseudopotential p*, typically lying in the 0.09—
0.18 range, was fixed here to 0.13, a commonly used value
for transition metals. From the above expression, we obtain
Aep = 0.60(1) and 0.65(3) for NbC and TaC, both consistent
with theoretical values [24]. Finally, the band-structure den-
sity of states Npana(€r) can be estimated from the relation
Noana(€r) = N(ep)/(1 + )\ep) [50], which gives Noana(€p) ~
0.8 states/eV f.u. for both compounds.

G. Electronic band-structure calculations

To further understand the electronic properties of NbC and
TaC, we also performed DFT calculations. The electronic
band-structure results, as well as the DOS are depicted in
Fig. 10. Since NbC and TaC adopt the same rocksalt structure
(see Fig. 1), it is natural that their band structures and DOS
profiles are quite similar. Close to the Fermi level the bands
are dominated by the d electrons of TMs (Nb or Ta), while
the contribution from the C p electrons is quite modest. The
d and p electrons are highly hybridized. The bands which
cross the Fermi level are mainly occupied by the t5 (dx,,
dy,, and d,) orbitals of TM, with marginal contributions from
the e, (dy2_» and d2) or the p orbitals of C. The occupied
e, bands are mainly located about 4.0 eV below the Fermi
level, while the unoccupied bands extend from 0.5 to above
5.0 eV. In TaC, the sixfold-degenerate point at the I" point
below the Fermi level is split into one doubly degenerate and
one four-degenerate point by the spin-orbit coupling, as shown
in the inset of Fig. 10(b). In the lighter NbC, the SOC splitting
is less evident. Also the bands along the I'-X direction are
split, the maximum band splitting Esoc being about 400 meV
in TaC, which is much larger than 130 meV in NbC. In both
cases, the band splitting is caused by the dominant SOC of the
Ta or Nb d electrons. As shown in the right panels of Fig. 10,
the estimated DOS at the Fermi level is ~0.74 states/eV f.u.
for NbC, slightly higher than 0.64 states/eV f.u. in TaC. Both
values are comparable to the experimental value calculated
from the electronic specific-heat coefficient (see Sec. III F and
Table I).

There are three bands crossing the Fermi level, high-
lighted by different colors in Fig. 11(a) for the NbC case.
We depict the Fermi surface (FS) of each of these bands in
Figs. 11(b)-11(d), respectively. Since TaC exhibits a similar
band structure, here we show only the Fermi-surface plots
of NbC. The three bands form three distinct electron FSs,
one of which consists of three large cylinders along the &,
ky, and k, directions [see Fig. 11(b)]. Such large cylinderlike
FSs originate from the hybridization between the TM 1,,
orbitals and C p orbitals. The cylinderlike FSs are known
to play an important role in the superconductivity of high-T7

— Total DOS |

—Cp

— Nbt g
q 2

— Nbe,

NbC

—— Total DOS
—Cp

— Ta tzg
— Tae,

TaC

FIG. 10. Electronic band structures of (a) NbC and (b) TaC,
calculated by considering (solid colored lines) and by ignoring (dash-
dotted gray lines) the spin-orbit coupling. The d orbitals in Nd or Ta
and the p orbitals in C are presented in blue and red colors, respec-
tively. The inset in (b) shows the detailed band structure around the I'
point. The total and partial (Nb or Ta and C atoms) density of states
with SOC are shown on the right side of the panel. The primitive cell
Brillouin zone, including the high-symmetry points, is shown on the
top panel.

iron-based materials [52-54]. This might be also the case
of NbC and TaC carbides, both of which exhibit relatively
high superconducting temperatures. The other two small FSs
shown in Figs. 11(c) and 11(d) are more three-dimensional-
like compared to the large FS in Fig. 11(b).

After inspecting the band structure (without SOC) across
the whole Brillouin zone, we could identify three closed nodal
loops, lying in the k, =0, k, =0, and k, = 0 planes and
centered at the I' point. These are shown in Fig. 12 for the
NbC case, with TaC displaying similar features. We recall that
NbC and TaC have the same rocksalt structure, with a space
group Fm3m (No. 225), characterized by three mirror planes,
i.e., myy, my;, and m,,. According to a symmetry analysis [55],
the nodal loops are protected by the three mirror symmetries,
since the crossing bands belong to different mirror eigenval-
ues. When considering SOC, the nodal loops become gapped,
except for the six Dirac points (£ky, 0, 0), (0, £k, 0), and
(0, 0, £k, ), which are protected by the C4 and the combined
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TABLE I. Normal- and superconducting-state properties of NbC
and TaC, as determined from magnetization, specific-heat, and
SR measurements, as well as from electronic band-structure
calculations.

Property Unit NbC TaC
Tx K 1.5 103

T¢ K 10.6 10.2
woHx mT 10.3(3) 29.3(3)
1oH% < T 1.93(1) 0.65(1)
HoHS™ * T 1.81(2) 0.43(3)
£(0)¢ nm 13.1(1) 22.5(1)
yE mJ /mol K? 3.0(4) 3.1(8)
oS K 790(20) 590(20)
A5, ~0.60(1) ~0.65(3)
N(er)© states/eV f.u. 1.3(2) 1.3(3)
Noana (€r)€ states/eV f.u. 0.8(1) 0.8(1)
N (ep)PFT states/eV f.u. 0.74 0.64
EDT meV 130 400
ALK meV 1.90(2) 1.45(1)
A meV 1.73(2) 1.54(2)
AUSR @ nm 134(2) 67(1)
ASK nm 141(2) 77(1)

*Derived from a fit to Eq. (1) at 1.5 K.

space-time inversion P77 symmetry. Clearly, this is consistent
with the preserved time-reversal symmetry we find from the
ZF-uSR results. Since Nb atoms exhibit a weaker intrinsic

FIG. 11. (a) Close-up view of the NbC electronic band structure.
The bands crossing the Fermi level are highlighted in red, green, and
blue. (b)—(d) Representative Fermi surfaces of NbC using the same
color code of the bands shown in (a). Very similar Fermi surfaces
were found also in the TaC case.

-1.40

-1.35 -1.30

E (eV)

-1.25

FIG. 12. Nodal loops around the I' point in NbC, with TaC
showing similar features. The color coding reflects the energy scale,
indicated by the colorbar at the bottom.

SOC, we propose that NbC could be a good candidate for
studying the exotic two-dimensional surface states, as well as
topological superconductivity [56].

IV. DISCUSSION

The possibilities offered by topological superconduc-
tors, ranging from hosting Majorana fermion quasiparticles
to potential applications in topological quantum comput-
ing [14,15], have spurred the researchers to explore different
routes in the search for materials that can realize them. One
approach consists in combining conventional s-wave super-
conductors with topological insulators to form heterostruc-
tures. The resulting proximity effect between the respective
surface states can lead to a two-dimensional superconducting
state with p + ip pairing, known to support Majorana bound
states at the vortices [57]. For instance, evidence of topo-
logical SC has been reported in NbSe;/Bi,(Se, Te); [58,59],
where NbSe, represents a typical fully gapped superconduc-
tor, while Bi(Se, Te)s are both well-known topological insu-
lators. Regrettably, the complexity and difficulty of fabricating
such heterostructures and their relatively low superconducting
transition temperatures (typically below 4 K) limit further
studies and possible applications. To achieve topological
superconductivity, one can also consider introducing extra
carries into a topological insulator, as, e.g., in Cu intercalated
Bi;Ses [60,61]. Again, doping-induced inhomogeneities and
disorder effects hinder further investigations of these doped
topological insulators.

A more attractive route to attain topological superconduc-
tivity is that of combining a nontrivial electronic band struc-
ture with superconductivity in the same compound. Clearly,
it is of fundamental interest to be able to identify such new
superconductors with nontrivial band topology, yet with a
simple composition and high transition temperatures. For
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example, topologically protected surface states have been
found in superconducting 8-PdBi, and PbTaSe, [62,63], both
representing good platforms for studying topological SC.
Unfortunately, their transition temperatures are still relatively
low (<5 K).

In this study, we found that both NaC and TaC could be
potentially interesting materials, where a nontrivial topologi-
cal band structure coexists with superconductivity. By using
both macroscopic and microscopic techniques, we found that
the rocksalt-type NbC and TaC exhibit relatively high su-
perconducting transitions (7, = 11.5 and 10.3 K). The low-
temperature superfluid density and electronic specific heat
both suggest a fully gapped superconducting state in NbC and
TaC. The numerical band-structure calculations indicate that
without considering the SOC effect, the first Brillouin zone
contains three closed node lines in the bulk band structure,
protected by time-reversal and space-inversion symmetry,
which is consistent with the ZF-uSR results (see Fig. 5).
When considering SOC, this picture might change. However,
since SOC effects in the NbC case are rather weak, it is highly
probable that the node lines are still preserved. Should this
be confirmed by future investigations, considering also its
relatively high T;., NbC would be a very interesting topological
superconductor.

V. CONCLUSION

To summarize, we studied the superconducting proper-
ties of the NbC and TaC superconductors by means of

bulk- (magnetization and heat capacity) and local-probe
(uSR) techniques, as well as via numerical band-structure
calculations. The superconducting state of NbC and TaC is
characterized by 7, = 11.5 and 10.3 K, and upper critical
fields pwoH = 1.93 and 0.65 T, respectively. The temperature
dependence of the superfluid density and the zero-field elec-
tronic specific heat reveal a nodeless superconducting state,
which is well described by an isotropic s-wave model. The
lack of spontaneous magnetic fields below 7. indicates that
time-reversal symmetry is preserved in the superconducting
state of NbC and TaC. Electronic band-structure calculations
suggest that the density of states at the Fermi level stems pri-
marily from the Nb (or Ta) d electrons and the C p electrons.
The strong hybridization between the C p orbitals and Nb (or
Ta) 15, orbitals produces large cylinderlike Fermi surfaces, re-
sembling those of high-T7; iron-based superconductors. Three
closed node lines are found in the first Brillouin zone, which
are protected by time-reversal and inversion symmetry in
the band structure of the bulk. In particular, we show that
NbC is a potential candidate for future studies of topological
superconductivity.
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