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Superconductivity and Fermi-surface nesting in the candidate Dirac semimetal NbC
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We report the synthesis of single-crystal NbC, a transition metal carbide with various unusual properties.
Transport, magnetic susceptibility, and specific heat measurements demonstrate that NbC is a conventional su-
perconductor with a superconducting transition temperature (7;.) of 11.5 K. Our theoretical calculations show that
NbC is a type-II Dirac semimetal with strong Fermi-surface nesting, which is supported by our angle-resolved
photoemission spectroscopy (ARPES) measurement results. We also observed the superconducting gaps of NbC
using ARPES and found some unconventional behaviors. These intriguing superconducting and topological
properties, combined with the high corrosion resistance, make NbC an ideal platform for both fundamental

research and device applications.

DOLI: 10.1103/PhysRevB.102.205117

I. INTRODUCTION

Transition metal carbides (TMCs) are a large family of
materials that have held industrial research interest for more
than 100 years. In TMCs, carbon atoms are incorporated into
the interstitial sites of the parent metals and form strong
metal-carbon bonds [1-3]. This unique structure gives TMCs
coexisting ionic, covalent, and metallic bonds, leading to
metallic conductivity combined with excellent mechanical
properties, including extreme hardness, high melting points,
excellent corrosion resistance, and interesting catalysis prop-
erties [1-3]. Therefore, the TMC family of materials has been
widely used in a variety of areas, including cutting tools,
energy storage devices, and supercapacitors.

One prototypical TMC material is niobium monocarbide
(NbC), which crystallizes into a NaCl-type cubic structure.
NbC has various outstanding aspects: its melting point is one
of the highest among all solid materials, while its hardness
(in the 9-10 range on the Mohs scale) is comparable to that
of diamond [4]. More interestingly, NbC is a superconductor
and has a 7, of approximately 11 K [5-8], which is higher
than that of niobium. Recent theoretical studies have pre-
dicted Fermi-surface nesting in NbC, which will enhance the
electron-phonon interactions in the material [9,10]. Fermi-
surface nesting is a subject of intense interest in studies of
high-temperature superconductivity and charge/spin density
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waves [11-13]. However, the biggest obstacle to the study of
NbC is the challenge of synthesizing single-crystal samples.
To date, only NbC polycrystals have been synthesized and this
has strongly limited further experimental studies. Therefore,
only a few experimental works on NbC and NbC, (0 <x < 1)
[14,15] have been performed, although the material was dis-
covered more than half a century ago.

Recently, classification of electronic structures based on
their topological properties has offered great opportunities
to understand the behavior of solid-state materials [16,17].
In particular, Dirac semimetals represent a novel class of
quantum materials that is close to various exotic quantum
phases, including topological insulators, Weyl semimetals,
and topological superconductors. In Dirac semimetals, the
bulk conduction bands and the valence bands touch linearly
at discrete points to form three-dimensional Dirac cones
and the degeneracy of the Dirac points is topologically pro-
tected. Additionally, superconducting Dirac semimetals may
favor topological superconductivity, which hosts the long-
sought Majorana fermions [18]. Considering the extraordinary
properties in the TMCs mentioned above, the discovery of
topological band structures in these TMCs would make them
an excellent platform for novel quantum device fabrication.

In this work, we have successfully synthesized single-
crystal NbC. Transport and magnetic susceptibility mea-
surements confirmed that single-crystal NbC is a type-II
superconductor that has a 7. of 11.5 K. Angle-resolved pho-
toemission spectroscopy (ARPES) measurements provided
evidence of Fermi-surface nesting, analogous to some iron-
based superconductors and charge density wave systems.
First-principles calculations showed that NbC hosts type-1I
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Dirac cones near the Fermi level, which qualitatively agrees
with our ARPES measurements. We also studied the su-
perconducting gap using high-resolution laser ARPES, and,
interestingly, we found that the behavior of the gap deviates
from that of conventional Bardeen-Cooper-Schrieffer (BCS)
theory.

II. METHODS

The x-ray diffraction (XRD) measurements were carried
out on a Bruker D8 Venture diffractometer at 293 K using Mo
Ko radiation (A = 0.71073 A). The crystal structure was re-
fined via the full-matrix least-squares method on F? using the
SHELXIL.-2016/6 program. The electrical resistivity and the
specific heat capacity were measured in a Physical Property
Measurement System (PPMS, Quantum Design Inc.) using
the standard dc four-probe technique and a thermal relaxation
method, respectively. The magnetic properties of the material
were measured using a Magnetic Properties Measurement
System (MPMS-III, Quantum Design Inc.) under a fixed ap-
plied magnetic field of 20 Oe in the field cooling (FC) and zero
field cooling (ZFC) modes. The isothermal magnetization
(M-H) was measured at several fixed temperatures by
sweeping an applied field. The ARPES measurements were
performed at beamline BL-1 of the Hiroshima Synchrotron
Radiation Center [19]. The clean surfaces required for the
ARPES measurements were obtained by cleaving the samples
in situ along the (001) plane in an ultrahigh vacuum chamber.
The cleavage process and the measurements were performed
at 30 K. The overall energy and angular resolutions were
approximately 15 meV and 0.1°, respectively. The supercon-
ducting gap was measured using a laser-based ARPES system
equipped with a 6.994 eV laser and a time-of-flight electron
energy analyzer [20]. The energy resolution was approxi-
mately 1 meV and the lowest temperature achieved during the
measurements was 1.9 K. The values of k, were determined
using an inner potential of 10 eV.

Single-crystal NbC was grown by the solid-state reac-
tion method using Co as a flux. We mixed high-purity Nb,
C, and Co in an alumina crucible with a molar ratio of
Nb:C:Co=1:1:9. The alumina crucible was then placed in an
argon-filled furnace and heated to 1500 °C. After a dwell time
of 20 h, the crucible was slowly cooled to 1300 °C at a rate of
1°C/h and then cooled naturally down to room temperature.
Finally, the excess Co was removed by immersion in nitrohy-
drochloric acid for one day. The as-grown NbC single crystals
are silver-gray in color with shiny rectangular faces.

We performed the first-principles calculations using the
VASP package [21,22] based on density functional theory
(DFT) in combination with the projector augmented wave
(PAW) method [23,24]. The generalized gradient approxima-
tion (GGA) was used along with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional [25]. The kinetic en-
ergy cutoff was set at 500 eV for the plane wave basis. A
12 x 12 x 12 k mesh was used in a self-consistent process
for Brillouin zone (BZ) sampling. The lattice and atomic
parameters were obtained from our XRD data. The electronic
structures with spin-orbit coupling (SOC) were then de-
rived. The irreducible representations (irreps) were computed
based on the high-symmetry points. The maximally localized
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FIG. 1. Growth of single-crystal NbC and calculations on its
electronic structures. (a),(b) Schematic illustrations of the atomic
structure and (001)-projected BZ of NbC, respectively. (c) X-ray
diffraction pattern of the flat surface of the NbC single crystal. The
inset shows a photograph of a typical NbC single crystal. (d) Cal-
culated band structure of NbC, showing that a gap (gray shaded)
exists between the black-colored bands and the red-colored bands,
with the exception of a gapless Dirac point along I'-X. (e) Magnified
view of the band structure in the green shaded region of (d), which
indicates the existence of a type-II Dirac cone. This cone is formed
by irreducible representations of G6 and G7 under the double group
of the Cy, symmetry on the line.

Wannier function (MLWF) method was used to calculate the
surface states [26]. To fit well with the experimental data,
the surface states are modified by adding a surface potential
(E = —1 eV) in the Green’s function calculations.

III. RESULTS AND DISCUSSIONS

A. Transport, magnetic susceptibility,
and specific heat measurements

The growth methods and crystallographic parameters of
single crystal NbC can be found in the Supplemental Mate-
rial [27]. NbC crystallized in a face-centered-cubic structure
with a space group of Fm3m (No. 225). The atomic structure
and the Brillouin zone (BZ) of NbC are illustrated schemati-
cally in Figs. 1(a) and 1(b), respectively. Figure 1(c) shows an
XRD spectrum that was measured on the (001) surface, which
is a natural cleavage surface, and only the #00 peaks were
detected. The inset of Fig. 1(c) shows a photograph of a piece
of NbC single crystal. The picture shows that the crystal is as
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FIG. 2. Characterization of the basic physical properties of NbC.
(a) Temperature dependence of 47 x of NbC for an applied field H =
20 Oe in the zero field cooling (ZFC) and field cooling (FC) modes.
(b) Isothermal M-H curves of NbC at various fixed temperatures. The
inset shows an enlarged image of the M-H curves below 300 Oe.
(c) Temperature dependence of longitudinal resistivity p of NbC. The
inset shows the resistivity characteristics under different magnetic
fields. (d) Experiment data for AC = C(0T) —C(2T) vs T, which
were fitted using s-wave and d-wave gap functions. The inset shows
the Cp/T versus T curves under various applied magnetic fields.

large as several millimeters in size and has shiny rectangular
faces, indicating the good crystallinity of the samples.

Figure 2(a) shows the magnetic susceptibility (47 x) of
NbC as a function of temperature under zero field cooling
(ZFC) and field cooling (FC) conditions at 20 Oe. The plots
show that there is a sudden drop in the magnetic suscepti-
bility at a critical temperature, which is a signature of the
Meissner effect. Observation of the Meissner effect indicates
occurrence of a superconducting transition and the fitted crit-
ical temperature 7. is 11.5 K. The superconducting volume
fraction that was calculated from the magnetic measurements
exceeds 100%, which originates from the demagnetization
field caused by the NbC sample. The M-H loops in Fig. 2(b)
show the existence of upper and lower critical fields, indi-
cating that NbC is a type-II superconductor [34]. To provide
further confirmation of the superconductivity in NbC, we
measured the resistivity of NbC as a function of tempera-
ture, with results as shown in Fig. 2(c). As the temperature
decreases from 300 K, the resistivity also decreases metalli-
cally until the temperature reaches 15 K; a sharp drop then
occurs at an onset temperature of 7 = 12.3 K. The resistivity
finally decreases to zero at T = 11.5 K, which agrees well
with the T, value determined from the magnetic susceptibility
measurements. In the presence of a magnetic field, the super-
conductivity is suppressed and 7 shifts continuously toward
a lower temperature as the magnetic field increases, as shown
in the inset of Fig. 2(c).

The combination of the magnetic susceptibility and trans-
port measurements confirmed the occurrence of the super-
conducting transition in NbC unambiguously. We then fitted
the electron-phonon coupling (EPC) constant A, using the

inverted McMillan equation [35]:

1.04 + p*In h.ﬁé’n)
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where 6p = 321.6 K is the Debye temperature, which can
be fitted based on the resistivity data measured above 15 K
using the Bloch-Griineisen law, u* represents the repulsively
screened Coulomb part, which is set at 0.13 for the transi-
tion metal element, and 7, is the superconducting transition
temperature of 11.5 K. The fitted EPC constant A, is 0.848,
which is slightly higher than the theoretically calculated value
of 0.682 from a previous paper [9].

In addition to the magnetic susceptibility and the resis-
tivity, the heat capacity also shows a jump at 7;, and, as
expected, this jump tends to be suppressed as the magnetic
field increases, as shown in Fig. 2(d). When the normal state
data C(2 T) are subtracted from the zero-field heat capacity
C( T), the resulting AC =C(0T)— C(2T) removes the
phonon contribution and the nonsuperconducting part to yield
AC = Cys — y, T, where C,; is the contribution of the fermion
quasiparticles and y,, is the normal state Sommerfeld coeffi-
cient of the superconducting part [36-38]. We fitted AC using
s and d wave models and the fitting results are as shown
in Fig. 2(d). We found that the s-wave model can reproduce
our experimental data well, while the d-wave model showed
significant deviation from the data at low temperatures. From
the s-wave fitting, we obtained y,, = 3.01 mJ mol~! K2 and
T. = 11.5 K. Consequently, the estimated superconducting
gap A(0) is 1.85 meV and the gap ratio 2A(0)/kgT. is approx-
imately 3.73, which is quite close to the value obtained from
the BCS theory (3.52). The entropy-conserving construction
at T, gives AC/y, T, = 1.43, which is equal to the weak cou-
pling BCS value.

B. Electronic band structure calculations

Having confirmed the superconductivity of single-crystal
NbC, we move on to study the electronic structures of NbC.
Figure 3(a) shows an ARPES intensity map of the Fermi
surface of the (001) surface measured at a photon energy
of 120 eV, which approximately corresponds to the k, =
0 plane of the bulk BZ. Flowerlike bands with four lobes
were observed near the I' point, along with several straight
bands that lay parallel to I'-X. The ARPES intensities of the
Fermi surface, in particular the straight bands, were in qual-
itative agreement with our calculated bulk bands, as shown
in Fig. 3(f). The parallel bands at the Fermi level indicate
the existence of Fermi-surface nesting, as indicated by the
red arrows shown in Fig. 3(a). The nesting vector obtained
from our experiments is approximately 0.85 A~'. Previous
calculations indicate that Fermi-surface nesting in NbC will
lead to the emergence of the Kohn anomaly and will enhance
the electron-phonon coupling in NbC [9,39]. According to the
BCS theory, stronger electron-phonon coupling will increase
the critical temperatures of superconductors. In addition,
such nesting condition is absent in isostructural compound
TiC [40], which indicates that Fermi-surface nesting may be
a requisite condition for the high 7, in the NbC family of
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FIG. 3. Synchrotron ARPES measurements and theoretical calculations of NbC. (a) ARPES intensity map of the Fermi surface of NbC
measured using 120 eV photons. Solid and dashed lines indicate the bulk and surface BZs, respectively. Red arrows indicate the possible
nesting vectors. (b) ARPES intensity map of the constant energy contour (CEC) at Eg = 0.6 eV measured using 120 eV photons. (c),(d) ARPES
intensity plots of band structures along I'-K and I'-X measured using 120 eV photons. (e),(j) ARPES intensity plots of band structures along
I'-K measured using 20 eV and 60 eV photons, respectively. (f),(g) Calculated bulk bands on the Fermi surface and CEC at Ez = 0.6 eV. (h),(i)
Purple-yellow colored images are semi-infinite calculation results using the Green’s function method along directions that are parallel to I'-K
and I'-X, respectively. The surface states can be determined as sharp yellow lines. White lines are the calculated bulk bands along I'-K and

I'-X. “SS1” and “SS2” indicate two surface states of NbC.

materials. With the increase of binding energies, the parallel
bands move closer together, as shown in Figs. 3(b) and 3(g).

Next, we discuss the topological properties of NbC based
on our calculated results. The calculated electronic band struc-
ture of NbC is shown in Fig. 1(d), which agrees well with
previous calculations [9,10,41]. To do analysis of the ele-
mentary band representations (EBRs) in terms of the theory
of topological quantum chemistry [42], we have obtained
irreducible representations at the maximal high-symmetry
points [43], as presented in Table S4 of the Supplemental
Material [27]. The results of our EBR analysis show that NbC
is a symmetry-enforced semimetal with six (black-colored)
occupied bands, which means that NbC must have some
symmetry-protected nodes along high-symmetry momentum
lines (see more on the band-inverted feature in the Supplemen-
tal Material [27]). Detailed calculations show that there are six
Dirac points along these high-symmetry lines [Fig. 1(e) or the
green shaded region of Fig. 1(d)]. On the I'-X line, the Dirac
point is formed by irreps G6 and G7 of the Cy, symmetry.
It can be found that the Dirac cone is strongly tilted, which
indicates that it is a type-II Dirac cone.

C. ARPES measurements

The ARPES intensity maps along I'-K and I'-X are shown
in Figs. 3(c) and 3(d), respectively. The Dirac point cannot
be observed clearly in our ARPES results because of the
intrinsic k, broadening of the bulk bands. To better understand
the experimental results, we calculated the surface states of
NbC and the results are shown in Figs. 3(h) and 3(i). These
surface states originate from the band inversion induced by

the strong crystal field. The bulk bands are superimposed in
order to facilitate comparison. A detailed comparison with
the calculation results shows qualitative agreement between
experimental and theoretical results. Along I'-K and I'-X, the
experimental band structures at 120 eV contain contributions
of both bulk bands and surface states. The surface states can
be better resolved with lower photon energies, as shown in
Figs. 3(e) and 3(j).

Finally, we studied the superconducting gap using high-
resolution laser ARPES. At low photon energy, the bands of
NbC have small photoemission cross section and are thus
almost invisible in our measurements (see Fig. S5). There-
fore, we presented the integrated energy distribution curves
(EDCs), as shown in Fig. 4(a). At 1.9 K, the sharp peak
that occurs slightly below the Fermi level originates from
the coherence of the Bogoliubov quasiparticles. The peak
intensity decreases with increasing temperature and the peak
finally disappears when the temperature approaches 7. The
assignment of the Bogoliubov quasiparticle peak is further
confirmed by the emergence of the coherence peak above the
Fermi level at a slightly higher temperature, as indicated by
the black arrow in Fig. 4(b). At 1.9 K, the temperature is
too low and the Fermi-Dirac distribution is quite sharp. In
this case, the density of states above Ef is negligible and the
coherence peak above Ep cannot therefore be detected using
conventional ARPES. At a higher temperature, e.g., at 6 K,
the Fermi-Dirac distribution becomes broader and this leads
to the emergence of the coherence peak above Eg.

To provide a better visualization of the superconducting
gap, we symmetrized the EDCs at the various temperatures,
as shown in Fig. 4(c). Figure 4(d) shows the fitted gap size
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FIG. 4. Laser-ARPES measurements of the superconducting gap
of NbC. (a) Energy distribution curves (EDCs) of NbC near the
Fermi level, as measured at 1.9 K (red) and 12 K (blue). The
pronounced peak observed at 1.9 K corresponds to the Bogoli-
ubov quasiparticle coherence peak. (b) EDC measured at 6 K. The
black arrow indicates the coherence peak that lies above the Fermi
level. (c) Symmetrized EDCs of NbC at different temperatures.
(d) Temperature dependence of the superconducting gap. The gap
was fitted using the symmetrized EDCs given in (c). The red curve
was calculated based on BCS theory. The EDCs were integrated in a
momentum range of —0.12 A~ < k, < 0.12A ' and —0.12 A" <
k, <0.12 A", The incident photon energy was 6.994 eV.

as a function of temperature. When the temperature falls
below 4 K, the gap is approximately 2.8 meV and shows
little variation with temperature. As the temperature increases,
the gap slowly decreases to 2.4 meV at 10 K before drop-
ping suddenly to zero at T;.. This behavior obviously deviates
from that of BCS theory, as indicated by the red curve. This
sudden closure of the superconducting gap is reminiscent of
some cuprate [44] and iron-based superconductors [45,46].
Furthermore, the calculated (2A)/(kgT.) has a value of ap-
proximately 5.7, which is much larger than the corresponding
value for conventional BCS-type superconductors (~3.5).
This value is also larger than the value that was obtained from
our specific heat data. One possible reason for this difference
is that the photoemission signal originates from the topmost
atomic layers of NbC, which may have properties that differ
from those of the bulk.

D. Discussion

The coexistence of superconductivity and the bulk Dirac
cone in NbC provides opportunities to explore the novel
properties in the material [47,48]. Recent theoretical works
have predicted that the coexistence of superconductivity and
bulk Dirac cones can cause three-dimensional topological su-
perconductivity [18]. In NbC, however, the Dirac points are
located at 1.5 eV below the Fermi level; the realization of

three-dimensional topological superconductivity requires the
tuning of the Dirac bands to the proximity of the Fermi level.
On the other hand, Dirac semimetal hosts topological surface
states that connect the Dirac points on certain side surfaces.
When an s-wave superconductor is in close proximity to topo-
logical surface states, topological superconducting states can
be expected at the interface [49,50]. In NbC, however, the
coexistence of the bulk s-wave superconductivity and topolog-
ical surface states might induce topological superconductivity
at the NbC surface itself. In addition, our laser-ARPES results
for the gap behaviors suggest that the superconducting proper-
ties at the surface region differ from those in the bulk, although
the values of T, at the surface and the bulk are the same, and
this seems to be a signature of bulk-induced unconventional
superconductivity at the surface. Similar unconventional gap
features at a material surface have been observed by scanning
tunneling spectroscopy in the topological superconductors
B-BiyPb [51] and MoTe,_,S; [52].

IV. CONCLUSIONS

Our results demonstrate that superconductivity and topo-
logical band structures can coexist in stoichiometric single-
crystal NbC and, more interestingly, the superconducting
properties deviate from those given by BCS theory at the
surface region. In addition, NbC shows strong Fermi-surface
nesting; this nesting contributes to the strong electron-phonon
interactions and could ultimately enhance the superconduct-
ing order of the material. These intriguing properties mean
that NbC is a material of fundamental interest for the
exploration of exotic properties such as topological supercon-
ductivity and the Majorana bound states. Additionally, as a
member of the TMC family of materials, NbC is highly stable:
it remains intact in nitrohydrochloric acid, sodium hydrox-
ide solution, and organic solvents, and its melting point and
hardness are among the highest of all known materials. This
excellent stability could enable the operation of NbC-based
devices under extreme conditions.

Note added. Recently, we became aware of an independent
work on the characterization of polycrystalline NbC and TaC
and prediction of topological properties [53].
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