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Nodeless superconductivity in the topological nodal-line semimetal CaSh,
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CaSb; is a topological nodal-line semimetal that becomes superconducting below 1.6 K, providing an ideal
platform to investigate the interplay between topologically nontrivial electronic bands and superconductivity. In
this work, we investigated the superconducting order parameter of CaSb, by measuring its magnetic penetration
depth change AA(T) down to 0.07 K, using a tunnel diode oscillator based technique. Well inside the super-
conducting state, AL(T") shows an exponential activated behavior, and provides direct evidence for a nodeless
superconducting gap. By analyzing the temperature dependence of the penetration depth, the superfluid density
and the electronic specific heat, we find both can be consistently described by a two-gap s-wave model, in line
with the presence of multiple Fermi surfaces associated with distinct Sb sites in this compound. These results
demonstrate fully gapped superconductivity in CaSb, and constrain the allowed pairing symmetry.
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I. INTRODUCTION

Topological superconductors (TSCs) have drawn major
research efforts in recent years, due to both fundamental in-
terest in the unconventional superconducting state and the
potential for applications in topological quantum computa-
tion [1-4]. One route towards discovering TSCs is by turning
materials with topologically nontrivial band structures into
superconductors via various tuning parameters. For instance,
superconductivity in Cu,Bi,Ses is realized by intercalating
Cu into the topological insulator BiySes; [5-8], whereas in
the type-1I Weyl semimetal MoTe; and the three-dimensional
Dirac semimetal Cd3As,, superconductivity can be induced
through the application of hydrostatic pressure [9—12]. Al-
ternatively, intrinsic TSCs may be realized in topological
semimetals (TSMs) that exhibit superconducting ground
states, without additional tuning. In addition, such supercon-
ducting TSMs offer a fertile ground to probe the interplay
between various topologically protected states and supercon-
ductivity [13].

Nodal-line semimetals, in which band crossings form
closed loops (nodal lines) rather than discrete points (as in
Dirac or Weyl semimetals) in momentum space [14-16],
have received significant attention recently. Due to their
unique nontrivial electronic topology, nodal-line semimetals
can exhibit long-range Coulomb interactions, a large surface
polarization charge [17-19], and torus-shaped Fermi surfaces
(FSs) when the nodal line is close to the Fermi energy Ef.
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If odd-parity superconductivity in a nodal-line semimetal is
dominantly induced on such torus-shaped FSs, topological
superconductivity can be realized [20]. Therefore, nodal-line
semimetals with superconducting ground states are promising
TSC candidates. However, since the nodal line can easily
become gapped due to spin-orbit coupling (SOC), an addi-
tional symmetry is required to protect the nodal-line against
SOC [21,22]. As a result of these constraints, reports on su-
perconducting nodal-line semimetals have been limited thus
far [23-25].

Recently, CaSb, was found to be a Dirac nodal-line
semimetal with a superconducting ground state, and has
been the focus of much interest [26-29]. A nonsaturating
giant magnetoresistance, and a metal-to-insulator-like tran-
sition followed by a saturating behavior are observed in
transport measurements on CaSb, under applied magnetic
fields [26,27]. These observations are similar to those found
in other TSMs [30-38], and can be ascribed to Dirac electrons
from the Dirac nodal lines in CaSb,. In addition, the Dirac
nodal lines in CaSb, are protected by the nonsymmorphic
symmetry, and are thus robust against SOC. These unique
properties make CaSb, an excellent candidate to look for
topological superconductivity and investigate the interplay
between nontrivial electronic band topology and supercon-
ductivity.

To make progress in these directions, an important prop-
erty that needs to be experimentally clarified is the nature of
the superconducting order parameter in CaSb,. Theoretically,
symmetry enforced nodal lines were suggested to be present
in CaSb; if the gap symmetry belongs to the B, representa-
tion [39]. Experimentally, specific heat measurements down
to 0.22 K in CaSb, single crystal uncover clear deviations
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from expectations for a simple BCS superconductor [27], and
the superconducting transition temperature 7; of pressurized
CaSb, forms a peak around 3.1 GPa [40], which can be
attributed to unconventional pairing. While these results sug-
gest CaSb, may harbor an unconventional superconducting
state, 12!/123Sb-nuclear quadrupole resonance measurements
revealed a coherence peak below T; in polycrystalline samples
of CaSb,, which instead suggests conventional s-wave super-
conductivity [41]. To resolve these differences and elucidate
the superconducting order parameter of CaSb,, experiments
highly sensitive to low-energy electronic excitations inside the
superconducting state are needed.

In this work, the magnetic penetration depth and electronic
specific heat of CaSb, single crystals were measured to probe
its superconducting gap structure. The temperature depen-
dence of the magnetic penetration depth change AA(T) was
measured down to 0.07 K, using a technique based on the
tunnel diode oscillator (TDO), which is extremely sensitive
to low-energy electronic excitations. The AA(T) of CaSb,
exhibits an exponential behavior and flattens at low temper-
atures, evidencing a nodeless superconducting ground state.
By analyzing the electronic specific heat and the superfluid
density derived from AA(T), we find both results are con-
sistently captured by a two-gap s-wave model. Our findings
provide evidence for nodeless multigap superconductivity in
the nodal-line semimetal CaSb,.

II. EXPERIMENTAL DETAILS

Single crystals of CaSb, were grown using the Sb self-flux
method, as described in Ref. [27]. The electrical resistivity
p(T) was measured in a 3He cryostat using the four probe
method. The specific heat was measured in a Quantum De-
sign Physical Property Measurement System (PPMS) with
a 3He insert. The temperature dependence of the magnetic
penetration depth shift AAL(T) = A(T') — 1(0) was measured
using a TDO operating at about 7 MHz [42,43]. AX(T) can
be obtained from the TDO frequency shift A f(T) through
AMT) = GAf(T), where G is the calibration factor deter-
mined from the geometry of the coil and the sample [44]. TDO
measurements down to 0.35 and 0.07 K were, respectively,
carried out in 3He and dilution refrigerators. Two samples
were separately mounted on a sapphire rod and inserted into
the TDO coil without contact. The rod is connected to a
copper stage, where the thermometer is mounted. The coil
of the TDO generates a very tiny ac magnetic field (~2 uT)
along the ¢ axis, which is much smaller than the lower critical
field of CaSb, (H;; ~ 3.9 mT [27]), ensuring the samples are
in the full Meissner state once cooled slightly below T..

III. EXPERIMENTAL RESULTS AND DISCUSSION

The inset of Fig. 1 shows the electrical resistivity p(T) of
CaSb; from 300 down to 0.5 K, revealing a metallic normal
state with a residual resistivity of about 1.2 <2 cm and a large
residual resistivity ratio (RRR) of p(300K)/p(1.6K) = 95,
comparable with previous works [27,41]. Figure 1 zooms into
p(T) below 2 K, revealing a clear superconducting transition
that onsets around 1.6 K and offsets around 1.46 K. Both the
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FIG. 1. The temperature dependence of the low temperature
electrical resistivity p(T) for CaSb,, with a sharp superconducting
transition at 1.6 K. The inset shows p(7") from 0.5 K up to 300 K.

large RRR and the small transition width (0.14 K) demon-
strate the samples used in this work are of high quality.

The total specific heat C(T')/T of CaSb, is shown in the
inset of Fig. 2, with a clear superconducting jump around
T. = 1.6 K which indicates the appearance of bulk supercon-
ductivity, consistent with electrical resistivity measurements.
In the normal state, the specific heat can be modeled us-
ing C(T)/T =y + BT?>+8T* (solid red line in the inset
of Fig. 2), with y = 1.71 mJ mol"'K2, 8 =0.507 mJ
mol~'K=* and § = 0.0079 uJ mol'K~°. y is the Sommer-
feld coefficient, and the other two parameters characterize the
phonon contribution to the specific heat. After subtracting the
phonon contribution, the electronic specific heat Ce(T)/y T
is obtained, as shown in the main panel of Fig. 2. We
find that neither a simple BCS model, nor a p-wave model
with point nodes, nor a d-wave model with line nodes, can
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FIG. 2. The electronic specific heat C,(T)/y T for CaSb,, with
a clear superconducting transition at 7. = 1.6 K. The solid, dashed,
dashed-dotted, and dashed-dot-dotted lines are respectively fits to a
two-gap s-wave model, a simple BCS model, a p-wave model with
point nodes, and a d-wave model with line nodes. The inset shows
the total specific heat C(T)/T, fit to C(T)/T =y + BT* +8T* in
the normal state.
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TABLE I. Fit parameters for the two-gap BCS model obtained
by fitting the electronic specific heat C, (T ), the penetration depth
AM(T), and the superfluid density p(T').

A(0)/ksT: A2(0)/kpT. X
Ca(T) 1.77 0.88 0.85
AMT) 1.8 0.81 0.85
ps(T) 1.85 0.84 0.86

capture the temperature evolution of Ce(T)/y T, consistent
with Ref. [27]. On the other hand, a two-gap BCS model
gives an excellent description of the experimental data over
the full temperature range (solid red line). The fit gap values
are A1(0) = 1.77kgT; and A,(0) = 0.88 kg1, with respective
weights of 85% and 15% (Table I).

To further probe the superconducting gap structure of
CaSb,, we measured the magnetic penetration depth change
AM(T) of two different samples, which are converted from the
frequency shift A f(7T) with respective calibration constants
G = 11.0A/Hz and 12.2 A/Hz. In Fig. 3, AA(T) for CaSb,
from 2.5 K down to 0.07 K is shown in the inset, with a
clear reduction upon cooling around 7. = 1.6 K due to super-
conductivity, consistent with electrical resistivity and specific
heat measurements in Figs. 1 and 2. In the main panel of
Fig. 3, AXL(T') is zoomed in to focus on its behavior well below
T.. Measurements for the two CaSb, samples show excellent
agreement between each other.

Following the method in Ref. [45], using the Sommerfeld
coefficient of y = 1.71 mJ mol~! K2, the residual resistivity
of 1.2 u<2 cm obtained above, and a coherence length of &, =
116 nm from Ref. [27], we estimate the mean free path in
CaSb, to be 947 nm. This is much larger than the coherence
length, indicating that the sample is in the clean limit.
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FIG. 3. The change of the magnetic penetration depth AA(T),
measured for two samples (#1 and #2). The dash-dotted, dashed
and solid lines are, respectively, fits to the 7> model, Eq. (1) and
Eq. (5) at low temperature. The inset shows AX(T) from 2.5 K
down to 0.07 K, with a clear superconducting transition observed
around 1.6 K, consistent with electrical resistivity and heat capacity
measurements.

In the clean limit, the magnetic penetration depth at low
temperatures is expected to exhibit a 7'-linear behavior in
superconductors with line nodes, and a T2 behavior in su-
perconductors with point nodes. As shown in Fig. 3, AXMT)
clearly deviates from a T-linear behavior, and the 72 model
also fails to capture AX(T'), indicating that there are no nodes
in the superconducting gap structure of CaSb,.

For an isotropic one-gap Bardeen-Cooper-Schrieffer
(BCS) model, the penetration depth at T < T;. can be approx-

imated by
A0)
keT )’
&y

where A(0) and A(O) are the magnitude of the penetration
depth and the superconducting gap at zero temperature [46].
It can be seen that in contrast to the 72 model, the one-
gap BCS model gives an excellent description of AA(T') in
Fig. 3 at low temperatures (T < 0.257;), providing strong
evidence for nodeless superconductivity in CaSb,. The de-
rived superconducting gap is found to be A(0) = 0.9kgT.,
which is significantly smaller than the weak-coupling limit
of A(0) = 1.76kg T, and can arise from the presence of mul-
tiple superconducting gaps. This conclusion is corroborated
by the excellent agreement between the fit gap value from
low-temperature AA(7') and the small gap obtained in specific
heat measurements.

The total superfluid density can be considered as the sum
of two independent superconducting fluids taken as two in-
dependent parallel conduction channels (no cross terms) of
equivalent carriers (m; = mp, = m*) [47-50]:

ny(T) = n(T) + np(T), @)

where n,; and ny, are the superfluid densities of the first and
the second superconducting bands, respectively.

Equation (2) can be recast in terms of the magnetic pene-
tration depth, which allows the normalized superfluid density
ps(T) to be determined via

AMT) = MT)— 1(0) = A(0)

7 A0) (
Xp
2kgT

_ 22(0)
ps(T) = 2T
)\.%(0) X%(O) 3)
= 1—

= xps1 + (1 — x)ps2,
where A;(T) and p;(T) (i = 1, 2) are the magnetic penetration
depth and the normalized superfluid density for each of the
two bands. The relative weights of the two bands’ contribution
to ps are represented by x = ;2_28; and (1 —x) = iz—ig;.
When T < T., Ai(T) /Xi(d) can be approxirriated using

Eq. (1):
Ai(T) ~ A (0) ox ( A;(0)

2:(0) 2kpT " ksT

Substituting Eq. (4) into Eq. (3), an explicit expression for
AMT) is found to be

) = g(Ai(0), T). (4)

1

-1, 5

AMT) = A(0) / .

1—x
[g(A1(0),T)]? + [8(A2(0), 7))
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FIG. 4. Normalized superfluid density ps(7") for sample #1 as a
function of the reduced temperature 7' /7., obtained using A(0) =
89.5 nm. The solid, dashed-dot-dotted, dashed, and dashed-dotted
lines are, respectively, fits to models with two s-wave gaps, a single
s-wave gap, a p-wave gap, and a d-wave gap. The inset zooms into
the low temperature region of pg(7T').

In Fig. 3, the experimental data AA(T) were analyzed
using Eq. (5) from the lowest measured temperature up to
0.45T;, with A(0), x, A;(0) and A,(0) as fitting parameters.
A(0) is found to be 92 nm, and the values of A;(0), A;(0)
and x are listed in Table I, which are in good agreement with
values obtained from the analysis of Ce (7).

To further elucidate the superconductivity in CaSb,, the
superfluid density is calculated through ps(7) = [A(0)/ M
(Fig. 4), using A(0) = 92 nm. The obtained ps; is fit to several
different models of the superconducting gap function Ay,
which determines ps through

,Os(T)=1+2</ EdE af(E’T)>, ©)

s JEr—nA2 OF
k FS

where f(E,T)=[1+exp(E/kgT)]~" is the Fermi-Dirac
distribution and < --- >gg represents an average over the
Fermi surface [46]. The gap function is defined as Ay (T) =
A(T)gk, where g; represents the angular dependence of the
gap structure, with gy=1, sin and cos 2¢, corresponding to
s-, p-, and d-wave superconducting gaps (6 is the polar angle
and ¢ is the azimuthal angle), respectively. The temperature
dependence of A(T') is approximated as [47]:

A(T) = A(0)tanh{1.82[1.018(T,/T — D%}, (7

where A(0) represents the gap magnitude at zero temperature.

As shown in Fig. 4, the experimental normalized superfluid
density is not fully captured by any of the s-, p-, and d-wave
models. On the other hand, we find that a two-gap BCS model
[Eqg. (3)] describes the data well over the entire temperature
range [solid line in Fig. 4(a)]. The fit parameters are listed in
Table I, in good agreement with the fit of AA(T) to Eq. (5).
This suggests that the set of parameters A(0), A;(0), A>(0)
and x not only successfully describes the behavior of AL(T')
for T < T./2, but also reproduces ps(T) up to Te.

Our conclusion of a multigap superconducting state in
CaSb, agrees with upper critical field measurements [29],
and is consistent with the presence of multiple Fermi sur-
faces found in electronic structure calculations, quantum
oscillations, and angle-resolved photoemission spectroscopy
measurements [26,27,39,41,51]. While the electronic bands
near the Fermi level are dominated by contributions from Sb
states, the electron bands crossing the Fermi level along I' — Z
and the hole band centered around the I' point are associ-
ated with Sb states on distinct sites. Therefore, the presence
of multiple Fermi surfaces originating from different orbital
states provides a natural explanation for the phenomenology
of multi-gap nodeless superconductivity revealed in our mea-
surements.

As discussed in Ref. [39], since the space group of CaSb,
is P2;/m (space group No. 11), the associated symmetries
include the inversion symmetry /, the two-fold screw axis
S»y, and the mirror symmetry M,. These symmetries give
rise to four one-dimensional representations for the super-
conducting order parameter: By (x; = +1, xu, = —1), A,
(xr =+1 xu, =+, By (1 = =1, xu, = +1 and A, (x; =
—1, xu, = —1), where xx represents the sign of the super-
conducting order parameter under the symmetry operation
X. When weak coupling pairing is assumed, the supercon-
ducting phases corresponding to different representations can
be deduced through the method in Ref. [39]. In particular,
for a superconducting order parameter belonging to the B,
representation, it is predicted that CaSb, has a topologi-
cally protected nodal-line superconducting gap structure on
the k, = O plane. On the other hand, for order parameters
belonging to the A,, B,, and A, representations, there are
no symmetry-enforced nodal structures. Superconductivity is
topologically nontrivial for the A, and B, representations, but
topologically trivial for the A, representation. From our exper-
imental results, the superconducting gap structure of CaSb; is
demonstrated to be nodeless, which excludes the B, pairing
symmetry.

In addition, for a topological nodal-line semimetal such
as CaSb,, there may be degenerate two-dimensional energy
bands that are localized on surfaces parallel to the nodal
loop, which are called “drumhead bands” [14,19,52,53]. It
is then possible to generate topological superconductivity
from these surface states through the proximity effect via
superconductivity in the bulk [1,2,6,54]. In this scenario, heli-
cal spin-polarized electrons on the topological surface state
can pair with p, +ip, symmetry and realize bound Majo-
rana fermions with non-Abelian statistics. So far, reports on
superconductors with nodal lines in the normal state are lim-
ited [23-25], and CaSb, offers a rare opportunity to search
for topological superconductivity in a nodal-line semimetal.
Further experiments that look for topological surface states
and Majorana zero modes in CaSb, are needed.

IV. CONCLUSION

In conclusion, we investigated the superconducting or-
der parameter of the topological nodal-line semimetal CaSb,
through magnetic penetration depth measurements down to
0.07 K. Clear exponential behaviors below T < T. evi-
dence nodeless superconductivity in CaSb,, and quantitative
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analysis of the penetration depth, the superfluid density and
the electronic specific heat suggest the superconducting gap
structure of CaSb, can be described by a two-gap BCS
model, consistent with the presence of multiple Fermi sur-
faces. These results demonstrate the absence of nodes in the
superconducting order parameter of CaSb, and exclude the
B, representation. Further work is needed to clarify whether
CaSb; realizes topological superconductivity on the surface.
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