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Multigap nodeless superconductivity in the Dirac intermetallic alloy V,Gas
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Superconductors possessing diverse symmetry-enforced topological states have been a subject of intense in-
terest as they are arguably one of the most feasible candidates to realize so-called topological superconductivity,
a source of Majorana fermions that hold great promise for topological quantum computing. Here we study the
low-lying quasiparticle excitations in the superconducting intermetallic alloy V,Gas by low-temperature heat
capacity and ultra-low-temperature thermal conductivity measurements. It is found that its electronic specific
heat can be fitted by either a d-wave gap or two s-wave gaps. However, the low-7 thermal conductivity
clearly points to the multiple nodeless energy gaps in its low-lying excitation spectrum. On the other hand,
first-principles calculations reveal a multitude of topological fermions near the Fermi level, involving discrete
Dirac nodes as well as Dirac nodal lines. These topological carriers, when condensed into Cooper pairs, provide
a natural platform for achieving topologically nontrivial phases and possible Majorana fermions.

DOI: 10.1103/PhysRevB.109.L100506

Since the discovery of three-dimensional (3D) topological
insulators (TIs) [1,2], the field of topological physics has
witnessed a burgeoning development, with a vast landscape
of emergent topological fermions and topological phenomena
being revealed [3,4]. During this period, time-reversal-
symmetric topological insulators, mirror Chern insulators,
Dirac, Weyl, and nodal-line semimetals as well as higher-fold
degenerate fermions and high-order TIs, etc. have all been
predicted theoretically and discovered experimentally [5—-12].
In addition, topological superconductors, whose inherent Ma-
jorana fermions can be braided and used in fault-tolerant
quantum computation, have also sparked tremendous interest
[13]. Although over 50% of all known materials, in the light of
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theories of topological quantum chemistry [14], are supposed
to host diverse symmetry-indicated nontrivial band topologies
[15-18], only very few of them become superconductors at
low temperatures and at ambient pressure [19-21]. This fact
thus hinders the experimental detection of Majorana fermions
and poses challenges for the application of them in topological
quantum computing.

In the course of synthesizing the A-15-type superconductor
V3Ga [22], which shares the same crystal structure with the
well-known Nb3Sn alloy used in commercial superconducting
magnets, another phase of vanadium-gallium alloy V,Gas was
harvested unwittingly [23,24]. The V,Gas alloy crystallizes in
the shape of long needles and shows type-II superconductivity
below ~3.5 K. However, despite being first synthesized in the
early 1960s, the superconducting properties of this quasi-one-
dimensional V,Gas have been poorly investigated, let alone
its topological properties.

Quasi-one-dimensional materials prove to be a fertile play-
ground to study the emergent phenomena and emergent topo-
logical quasiparticles in condensed matter physics [25,26]. In
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FIG. 1. (a) Schematic view of the crystal structure of V,Gas from two different perspectives. The solid box shows one unit cell and the
Ga pentagons are highlighted in red. (b) The (hk1) planes of reflections at 150 K in reciprocal space with unit vectors ¢* and b* marked.
(c) Magnetic susceptibility as a function of temperature at a field of uoH = 1 mT in ZFC and FC modes. (d) The temperature dependence of
the intrachain resistivity p. measured at zero field; the top inset is the image of as-grown crystals and the bottom inset is an expanded view of
p. at low temperatures. (e) The temperature dependence of the upper critical field poH,, and the fits to the GL theory along two directions.
The circles, triangles, and squares are the data acquired from “He, *He cryostats, and dilution refrigerator, respectively.

this Letter, we report a detailed calorimetric and thermal trans-
port study on single crystals of quasi-one-dimensional V,Gas
with a superconducting critical temperature 7, = 3.6 K. While
the electronic specific heat below 7, can be modeled by
either a d-wave superconducting gap or two s-wave gaps,
its ultra-low-7 thermal conductivity unambiguously reveals
multiple, nodeless gaps in its quasiparticle excitations. The
first-principles calculations further corroborate the existence
of topological carriers, including discrete Dirac nodes and the
Dirac nodal lines in proximity to the Fermi level. Our study
offers an intriguing material candidate for studying topologi-
cal superconductivity at ambient pressure.

The experimental and computational methods used in this
study as well as some supporting materials are given in the
Supplemental Material (SM) [27] (see also references therein
[23,24,28-34]). V,Gas crystalizes in the tetragonal space
group P4/mbm (No. 127). As illustrated in Fig. 1(a), its struc-
ture is comprised of alternating V and Ga sheets, and the Ga
atoms reside in two Wyckoff positions, namely Ga 1 (Wyckoff
position 2d) and Ga 2 (Wyckoff position 8m), in gray and
blue colors, respectively. The ratio of Ga 1 to Ga 2 is 1:4.
The Ga sheet consists of triangular, square, and pentagonal
plaquettes and each Ga pentagon has one Ga 1 and four Ga
2; each Ga triangle has one Ga 1 and two Ga 2; the square
has four Ga 2. Along the c¢ axis, the V and Ga atoms form
V-centered pentagonal channels; V is approximately at the
center of the Ga pentagonal prism formed by ten Ga atoms
(two Ga 1 and eight Ga 2). Hence, the basic structural motif
is the V-centered pentagonal channels along the ¢ axis. Since
the density of states at the Fermi level is dominated by the V
d-orbital [24], the conducting element is the one-dimensional
vanadium chains along the c¢ axis that are coupled to each
other by the neighboring Ga ions. Considering the Ga atoms

also contribute to the density of states at the Fermi level [24],
one would expect the V chains are rather strongly coupled in
the transverse directions, reducing the overall anisotropy. In
order to check the structure and the quality of V,Gas single
crystals, we carried out the single-crystal x-ray diffraction
measurement on a piece of as-grown crystal at 150 K and
refined the data using SHELXT [35,36]. The lattice spots in re-
ciprocal space are shown in Fig. 1(b); it is clearly seen that the
primary Bragg diffractions in the a*b* plane have tetragonal
patterns. The refinement yields the lattice parameters a = b
=8.9820(3) A, ¢ = 2.7005(2) A [27], compared to a = b =
8.936(3) A, ¢ = 2.683(2) A reported in Ref. [24].

Figure 1(c) shows the T-dependent magnetization curves
in an applied field of 1 mT (uoH | ¢) under both zero-
field-cooling (ZFC) and field-cooling (FC) protocols, after
accounting for the demagnetization effect. Note that both
magnetization curves exhibit large diamagnetic signals below
T. ~ 3.6 K, and the ZFC curve shows perfect diamagnetism of
x = —1, suggesting 100% bulk superconductivity of V,Gas.
The large FC diamagnetic signal is the manifestation of the
weak vortex pinning force in this superconductor. Figure 1(d)
depicts the zero-field intrachain (I || ¢) resistivity, with the in-
set magnifying the low-T region. It is noteworthy that V,Gas
shows T'-linear metallic resistivity at high temperatures and
it starts to bend over below ~70 K. Below T, ~ 3.6 K, it
undergoes a sharp superconducting transition, consistent with
the magnetization measurement. Next, we map out the H,-T
diagram in two field orientations (uoH L ¢ and uoH | ¢), by
sweeping temperature under fixed fields (in PPMS), as well
as by field sweeping at constant temperatures (in the dilution
refrigerator) [27]. As seen, the resultant poH -7 diagram,
determined by taking the midpoint where the resistivity drops
to 50% of its normal-state value, is plotted in Fig. 1(e). The
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FIG. 2. (a) Zero-field heat capacity of V,Gas at low tempera-
tures. (b) C/T as a function of T'. The red line is the fitto C/T = y +
BT? +8T*, with y=17.92 mJ/mol K2, B = 2.40 x 1072 mJ/mol
K*and 8§ = 1.09 x 1073 mJ/mol K°. (c) The electronic specific heat
C, after subtracting the phonon heat capacity. (d)—(f) The fits of C, to
the s-wave, d-wave, and two s-wave gaps, respectively. The insets of
(e) and (f) zoom in on the low-temperature region.

woH»(T) in two field configurations can be well described
by the Ginzburg-Landau (GL) formula H.»(T) = H,(0)(1 —
t?)/(1 +t?), where ¢ is the normalized temperature t = T/T..
The poH:»(0) is thus estimated to be 0.57 T for uoH L ¢, and
0.49 T for uoH | ¢, both of which are much smaller than the
Pauli limit Hp ~ 1.84T_ (in this case, Hp ~ 6.6 Tesla) [37].
Moreover, it is surprising to note that puoH., for puoH || ¢
is even smaller than for ugH L ¢, contrary to most quasi-
one-dimensional superconductors. According to anisotropic
Ginzburg-Landau (GL) theory [38]:

HCIIZC _ ;;:HC B Vol o
Héc - Elc - m’

where £ is the coherence length and o is the conductivity.
For quasi-one-dimensional superconductors, due to the largest
conductivity (the smallest resistivity) along the chain, H., is
the largest with the field applied along the chain direction. For
V,Gas, however, H LH; is smaller than HCJEC. This immediately
implies the interchain resistivity (p;) may be even smaller
than the intrachain one (p.). This seems to be supported by
the charge distribution calculations in Ref. [27]. Due to its
needle-shaped morphology, however, it is difficult to measure
the interchain resistivity (p.) directly.

Figure 2 presents the detailed calorimetric study on the
V,Gas single crystals. As depicted in Fig. 2(a), a clear heat
capacity jump associated with the superconducting transition

is observed at 3.6 K, indicating the thermodynamic bulk
transition. In order to isolate the electronic specific heat, the
same data are plotted as C/T against temperature in Fig. 2(b).
Subsequently, we fit the normal-state heat capacity by the
formula C/T = y + BT? + 8T* above T, and then extrapo-
lated it to low temperatures, as illustrated by the red curve in
Fig. 2(b). Note that the first y term represents the electronic
contribution, whereas the remaining two terms are phononic
in origin.

By subtracting the phonon specific heat, the electronic heat
capacity C, is resolved in Fig. 2(c). In the superconducting
state, C/T is approaching zero as T — 0, indicating no sig-
nificant impurity contributions and all carriers are condensed
into Cooper pairs. This provides strong evidence for the high
quality of the samples used. The heat capacity jump, quan-
tified as AC/yT,, equals 0.92, which is smaller than the
weak-coupling s-wave BCS value of 1.43 but close to the
d-wave value of 0.95 [39,40]. It is also noted that the low-T C,
deviates significantly from the exponential behaviors expected
for the s-wave BCS gap, but rather is more consistent with
the power-law dependence for a nodal superconducting gap.
Next, we fit the C, data using different gap functions. In
the fitting, we employ the well-established & model, which
assumes the temperature dependence of the energy gap A(T)
is the same as the weak-coupling BCS behavior but its size
is an adjustable parameter by A(T) = a Apcs(T'), where « is
a constant [39,41,42]. o can be significantly larger than 1 for
strongly coupled superconductors. Within this & model, the
entropy S in the superconducting state is given by [39,43]:

3¥n
kBTL'3

2w poo
s /0 /0 [(1 = Pl = )+ finfldedé, (2)

where y, is the normal state y, and f is the quasiparticle oc-
cupation number f = (1 + £/%T)~ 1 with E = \/e2 + A2(¢)
where A(¢) is the angle dependence of the gap function. For
an s-wave gap, this is angle independent and for a standard
d-wave, A(T, ¢) = A(T )cos(2¢). In the ¢ model, we specify
the temperature dependence of the gap function as A(¢, T) =
aApcs(¢p, T) [41]. Here Apcs(¢, T) is the weak coupling
BCS gap function. Hence, A(¢, T) = A(T) = aAgcs(T) for
an s-wave gap and A(¢, T) = aApcs(T)cos(2¢) for a d-
wave gap. We refer the interested readers to Ref. [40] for more
details. Therefore, the gap is assumed to take the BCS-like
dependence on temperature but the magnitude is multiplied by
a dimensionless parameter o, which depends on the strength
of the electron-boson coupling. The specific heat is further
calculated by C, = T (0S/9T).

In the single-gap fitting, only « is the free parameter and y,,
and T, are determined from the experiment. The best fit to a
single s-wave gap (o« = 0.9), as seen from Fig. 2(d), deviates
significantly from the experimental data. In contrast, a d-wave
gap (o = 0.99) can fit the data very well, as demonstrated
in Fig. 2(e) and its inset. We further fit the C, data with
two s-wave gaps. In this fitting, two sets of y and o are
assumed, each corresponding to one gap. The resultant fitting
is displayed in Fig. 2(f). As seen, this two-gap fit can model
the experimental data extremely well, indistinguishable from
the d-wave fitting. All fitting parameters are listed in Table I
for completeness.
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TABLE I. The parameters derived from the fits to the specific
heat data by using three different gap functions. y, is in the units of
mJ/mol K2

T. [K] o Vn
s-wave 3.6 0.9 17.92
d-wave 3.6 0.99 17.92
(e8] (2)
a a yn y’l
Two-gap 3.6 : :
1.32 0.54 491 13.01

Ultra-low-temperature thermal conductivity measurements
provide more insights into the gap symmetry of V,Gas. Fig-
ure 3(a) displays the temperature dependence of the thermal
conductivity in zero field in the millikelvin regime, plotted
as /T versus T>*7 so as to isolate the electronic term from
the phonon contribution [44,45]. In low temperatures, for
nonmagnetic materials, the thermal conductivity is comprised
of two terms, k = ke + Kpn, denoting the contributions from
electrons and phonons, respectively. Given that the electronic
term is linear in 7' and the phonon term has a power-law
dependence, the thermal conductivity is generally fitted to
k/T =a+bT*", where « is typically between 2 and 3,
due to specular reflection of phonons at the sample boundary
[44,45]. In this manner, the linear electronic contribution can
be extracted by extrapolating /T to T = 0 K. This residual
linear term «o/7 contains a wealth of information on the
gap symmetry of a superconductor. For an s-wave nodeless
superconductor, for example, as the Fermi surface is fully
gapped at low temperatures, no quasiparticles can be excited,
therefore «( /T is essentially zero. By contrast, a sizable resid-
ual ko/T term is expected for a nodal superconductor, which
has been observed in the overdoped d-wave cuprate super-
conductor Tl,Ba;CuQOg.s (T1-2201) [46] and some organic
superconductors [47]. From Fig. 3(a), within the experimen-
tal uncertainty (£5 uW K~2cm™!), no residual term «o/T
is observed, providing compelling evidence for the nodeless
superconductivity in V,Gas.

Another hint at the gap symmetry arises from the field
dependence of the residual xo/7 [48]. As shown in Fig. 3(b),
we measured the low-T thermal conductivity at various fields.
The residual ko /T at 0.5 T agrees well with the value expected
from the Wiedemann-Franz law «o/T = Ly/pg, where Ly (=
2.45 x 108 WQK?) is the Lorenz ratio and py is the residual
resistivity at 0.5 T [0p9(0.5 T') = 2.69 uS2cm for this sample].
The verification of the Wiedemann-Franz law in the normal
state corroborates the reliability of our thermal conductiv-
ity measurements. The field dependence of ky/T of V,Gas,
together with those from some other well-studied supercon-
ductors, when normalized to their respective normal-state
values and plotted against H/H,,, is encapsulated in Fig. 3(c).
In this plot, similar data for the clean s-wave superconductor
Nb [49], the dirty s-wave superconducting alloy InBi [50], the
multiband s-wave superconductor NbSe, [51], as well as the
overdoped d-wave cuprate superconductor T1-2201 [46], are
all incorporated as a comparison.

For single-band clean s-wave superconductors, such as the
elemental Nb superconductor [49], due to the energy gap over
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FIG. 3. (a) The temperature dependence of thermal conductivity
k in zero field, plotted as k /T versus T>*7, gives a negligible residual
term ko /T . (b) Low-T thermal conductivity at various fields (uoH L
¢). Ly/p indicates the value expected from the Wiedemann-Franz
law « /T = Ly/p. (c) Normalized residual linear term «, /T of V,Gas
as a function of H/H,,, with similar data for other superconductors
included for comparison.
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FIG. 4. (a) Calculated band structure along the high-symmetry paths along with DOS for V,Gas in the presence of SOC. (b) shows the
distributions of the three nodal lines, i.e., NL;, NL,, and NL3, in the entire BZ, which connect together at A and M and form a nodal network.

Here time-reversal-invariant momenta are marked by the black points.

the full Fermi surface, quasiparticles are difficult to excite and
are generally localized within the vortex core [48], leading to
a slow exponential growth of «y/T versus H. Likewise, for
dirty s-wave superconductors (e.g., InBi), ko/7 exhibits an
exponential H dependence at low fields, and grows linearly
when the field is approaching H,, [50]. For the nodal super-
conductor T1-2201, on the contrary, apart from the substantial
residual «p/T at zero field, a small field can induce a rapid
growth of quasiparticle excitations due to the Volovik effect,
thus the low-field ko/T displays a ~/H dependence [46]. In
the case of multigap nodeless superconductors, however, the
magnetic field dependence of ky/T lies between these two
extremes and its profile relies on the ratio between the large
and small gaps, as seen for the prototypical two-band super-
conductor NbSe, where the ratio of different gap magnitudes
is approximately 3 [51]. A rapid rise in low fields can thus
be attributed to the fast suppression of the smaller gap by
the applied field. The field profile for V,Gas supports this
picture and can likewise be classified as a multigap nodeless
superconductor.

Figure 4(a) illustrates the calculated band structure of
V;,Gas along the high-symmetry paths, with spin-orbit cou-
pling (SOC) included, as well as the projected density of
states (PDOS). It should be mentioned that the main sym-
metries in V,Gas compound have inversion symmetry (P),
time-reversal symmetry (7)), a fourfold rotation along the z
axis (Cy;), a twofold rotation along the z axis (Cy;), a twofold
screw rotation along the x axis C, = {C2x|%%0}, a horizontal
mirror symmetry M_, and two vertical glide mirror symmetries
M, = {M,|}10} and M, = {M,|310} (here x, y, and z refer
to the a, b, c axes, respectively). From the PDOS, it is clear
that the low-energy bands are mainly contributed by V-d and
Ga-p orbitals. One can observe that several bands cross each
other around the Fermi level, leading to the formation of
Dirac nodes and nodal lines in the whole BZ. After careful
inspection, we find there exist two types of Dirac points along
I'-Z and R-X, with D; ~ Dy being type-II dispersion and Ds
being type-I dispersion. Furthermore, the crossed bands along
I'-Z host T'g and I'; of the double irreducible representations,
indicating that Dirac points on this path (D3 ~ Ds) are pro-
tected by the combined PT, C4,, and My [52,53]. In addition,

the Dirac points D and D, along R-X are guaranteed by the
combined PT, My, and C; [54,55]. On the other hand, two
doubly degenerate bands due to P and 7 will stick together
along the XM, RA, and AM directions, leading to the appear-
ance of a nodal network as depicted in Fig. 4(b). Here NL,,
NL, are protected by the combined P7, M. and Cy,, and NL;
are protected by the combined P T, C4., and M, [54,55].

Having revealed a wealth of topological carriers in the
title material, we remark on the implication of these findings
for the possible topological superconductivity. Its topology,
according to the calculations, is very robust against correla-
tion effects of V-3d electrons, that is, tuning the Coulomb U
values from 1-5 eV does not change significantly the main
topological features [27]. Moreover, the topological fermions
are predominantly located in the vicinity of Fermi level. Upon
entering the superconducting state, it is these fermions that
are eventually condensed into Cooper pairs. The robustness
of topological features, as well as the proximity to the Fermi
level, is important for both topological superconductivity and
technical applications.

To summarize, we have successfully synthesized the
intermetallic alloy V,Gas with the one-dimensional needle-
like morphology. This alloy is characterized by the one-
dimensional vanadium chains in structure and a supercon-
ducting transition temperature of 7, ~ 3.6 K. Based on the
calorimetric and thermal conductivity measurements, its su-
perconducting low-lying quasiparticle excitations are found
to be more compatible with a multigap nodeless supercon-
ducting ground state. Importantly, the band structure of this
compound hosts a cornucopia of topological Dirac nodes
and Dirac nodal lines near the Fermi level. Coupled with
its superconducting ground state, these observations place
V,Gas as an interesting material candidate for exploring
topological superconductivity in this class of materials. As a
future direction, it is desirable to probe the putative Majorana
fermions in this system by the point contact spectroscopy
and/or the scanning tunneling microscopy/spectroscopy
directly.
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