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We investigate the superconducting gap function of the topological superconductor PbTaSe,. The temperature,
magnetic field, and three-dimensional (3D) field-angle dependences of the specific heat prove that the super-
conductivity of PbTaSe, is fully gapped, with two isotropic s-wave gaps. The pair-breaking effect is probed
by systematically increasing nonmagnetic disorders through H™ irradiation. The superconducting transition
temperature 7 is found to be robust against disorders, which suggests that the pairing should be sign preserved

rather than sign reversed.
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I. INTRODUCTION

Topological superconductivity (TSC) has stimulated great
interests in condensed matter physics [1,2]. It is partly due to
the possibility of hosting a Majorana bound state, which obeys
the non-Abelian statistics, and can be used in topological
quantum computation [3,4]. In real materials, the topologi-
cal superconductors can be realized in two primary routes.
One way is to make a heterostructure between conventional
s-wave superconductors and topological insulators [5], quan-
tum anomalous Hall insulators [6], or ferromagnetic atomic
chains [7], where the proximity effect on a spin nondegenerate
band induces TSC on the interface. Another way is to search
materials naturally hosting TSC [1,8]. In the second route,
both bulk TSC with spin-triplet p-wave pairing and surface
TSC above a bulk spin-singlet s-wave superconductivity are
realized [1,2,5,9-11]. In the second route, noncentrosym-
metric superconductors are one of the most promising ways
[12,13]. Due to the broken inversion symmetry, spin-orbit
coupling becomes antisymmetric, which can lift spin degener-
acy, and induce the topological state. It allows for the mixing
of spin-singlet and spin-triplet pairing, suggesting both bulk
and surface TSC are hopeful to be realized [14].

The noncentrosymmetric superconductor PbTaSe, shows a
bulk superconducting transition temperature 7, ~ 3.7 K, with
strong spin-orbit coupling, which results in a large Rashba
splitting and the breaking of spin degeneracy [15]. Recent
angle-resolved photoemission spectroscopy (ARPES) mea-
surements reveal the existence of topological nodal lines near
the Fermi surface, which are protected by reflection symmetry
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[16]. The topological state is also confirmed by the following
scanning tunneling microscopy (STM) measurements [14],
and a zero-energy bound state at the vortex core was also
observed [14,17]. These results suggest that PbTaSe; is a
promising candidate for TSC [14,16-21].

To reveal the origin and mechanism of the TSC in PbTaSe,,
it is crucial to probe its bulk gap function. Up to now, no
breaking of time-reversal symmetry has been reported based
on muon spin rotation and relaxation (uSR) experiments [22].
A fully gapped structure has been suggested by measurements
of specific heat [23], thermal conductivity [24], penetration
depth [25], and nuclear magnetic resonance (NMR) [26],
while details about the gap structure such as whether it is
multigap or single gap, isotropic or anisotropic, are still con-
troversial [21,24,25]. In addition, most evidence for the fully
gapped structure is obtained from excited quasiparticles (QPs)
in the ab plane since the applied magnetic fields are along the
c axis [23-25]. Hence, a p-wave-like gap structure with nodes
along the k, directions, which can host Majorana fermions
in its side surface, has not been well identified [27-29].
Furthermore, even for a fully gapped structure, the pairing can
be sign reversed or sign preserved. A well-known example is
iron-based superconductors, where the gap function has no
nodes but may still change sign between the electron and
hole pockets [30,31]. To probe the gap structure including a
possible sign reversal, a bulk technique capable of probing QP
excitations with three-dimensional (3D) angle resolution, and
a phase-sensitive probe are needed.

In this paper, we combined the measurements of 3D field
angle-resolved specific heat (ARSH) and the disorder effects
induced by H* irradiation to probe the gap function of
PbTaSe,. The former technique has a 3D angle resolution of
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FIG. 1. Crystal structure of PbTaSe; in (a) the hexagonal plane from the top view, and (b) the noncentrosymmetric structure from the side
view. The orange, blue, and red circles represent the elements of Pb, Ta, and Se, respectively. The definitions of the azimuthal angle ¢ and polar
angle 6 with respect to the crystal structure are also shown. (c) Temperature dependence of the magnetization under 5 Oe field perpendicular to
the hexagonal plane. (d) Temperature dependence of the in-plane resistivity measured at zero field. The inset is the enlarged plot below 20 K.
(e) Temperature dependence of specific heat plotted as C/T vs T under magnetic fields (H || ¢) ranging from 0 to 1000 Oe. The solid line
represents the fit to the normal state specific heat. The inset shows the temperature dependence of the difference between the superconducting
and normal state entropies, AS. (f) Zero-field electronic specific heat C,/T vs T, together with the fit by a two isotropic s-wave gap model.
(g) Magnetic field dependence of specific heat at 0.42 K for H || c. The solid and dashed lines represent the H and H'/? dependences.

QPs, while the latter one is phase sensitive. The superconduc-
tivity of PbTaSe, is found to be fully gapped, consisting of
two isotropic s-wave gaps with sign-preserved pairing.

II. EXPERIMENT

PbTaSe, single crystals were grown by the chemical vapor
transport method [32]. Magnetization measurements were
performed using a commercial superconducting quantum
interference device (SQUID) magnetometer (MPMS-XLS,
Quantum Design). The resistivity was measured by the four-
probe method in a physical property measurement system
(PPMS, Quantum Design). The temperature dependence
of the specific heat under various magnetic fields was also
measured by using PPMS. The 3D field-angle dependence of
the specific heat was measured in an 8-T split-pair supercon-
ducting magnet with a >He refrigerator. The refrigerator can
be continuously rotated by a motor on top of the dewar with
an angular resolution of better than 0.01°. The calibration
and validity of the measurement system can be seen in our
previous paper [33]. Single crystals used for the irradiation
experiments were cleaved to thin plates with thickness
~30 um along the ¢ axis, which is smaller than the projected
range of 3-MeV H* for PbTaSe; of ~47 pum [34]. To avoid
a possible sample-dependent influence, all the measurements

were performed on one identical piece of crystal, which was
divided into several pieces and irradiated by H* up to doses of
0 (pristine), 0.5 x 10'°, 1 x 10'%,2 x 10'°, 4 x 10'®, and 8 x
10'® /cm?, respectively. We estimated that 1 x 10'¢ dose H*
irradiation is supposed to cause about 1 vacancy per 3200 Pb
atoms assuming no overlap. More details about the irradiation
experiments can be seen in our previous publications [35-38].

III. RESULTS AND DISCUSSION

PbTaSe; consists of the stacking of hexagonal TaSe; layers
intercalated with Pb. Figure 1(a) shows the crystal structure
looking down the hexagonal TaSe, plane. The intercalated
Pb atoms sit above the Se atoms, and make the crystal struc-
ture noncentrosymmetric as shown in the side view [Fig. 1(b)]
[15,16]. ¢ defines the azimuthal angle of the magnetic field
rotates in the hexagonal plane [Fig. 1(a)], while 6 defines
the polar angle of the magnetic field away from the ¢ axis
[Fig. 1(b)].

Figure 1(c) shows the temperature dependence of magnetic
susceptibility, which displays 7. ~ 3.7 K (T is defined by
the onset of the deviation between the zero-field-cooling and
field-cooling susceptibilities) with a sharp transition width of
less than 0.2 K by taking the criteria of 10% and 90% of
the magnetization result at 1.8 K. The T is also confirmed
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by the zero resistivity [see the inset of Fig. 1(d)]. The main
panel of Fig. 1(d) shows the temperature dependence of the in-
plane resistivity at a temperature range from 320 to 2 K. The
residual resistivity ratio RRR defined as p(300 K)/po(T,2"")
is estimated to be as large as ~321. The sharp SC transition
width and the large RRR confirm the high quality of the single
crystal.

Figure 1(e) shows the temperature dependence of specific
heat divided by temperature C/T under various magnetic
fields (H || ¢) ranging from O to 1000 Oe. A clear jump
associated with the superconducting transition is observed at
around 3.7 K under zero field, which is consistent with the
susceptibility and resistivity measurements. The SC jump is
gradually suppressed by magnetic field, and no SC jump can
be observed down to ~0.4 K under H = 800 Oe. On the
other hand, an upturn can be observed at temperatures below
~0.7 K when H > 600 Oe. The NMR measurements have
proved that the electron-electron interaction is very weak in
this material based on the observation that the spin-lattice
relaxation rate varies in proportion to the temperature [26].
Therefore, such upturn behavior may be from the Schottky
behavior of the nuclear contribution.

The normal state specific heat can be fitted by the
sum of the electronic part and phononic part: C,/T =
Vo + BuT? + a, T4 The fitting result is shown as the
solid line in Fig. 1(e) giving y, = 8.56 mJ/molK?, B, =
2.12 mJ/mol K*, and «,, = 0.028 mJ/mol K°. The validity of
the fitting is justified by the entropy conservation as shown in
the inset of Fig. 1(e). In addition, a very small residual specific
heat y, under zero field at 0 K is obtained as ~0.5 mJ/mol K>
by linearly extrapolating the data of C/T vs T? down to 0 K
(see Supplemental Fig. S1 [39]). The normalized specific heat
jump at T, AC/(y, — vo)T¢, is estimated to be 1.39, which
is close to the weak-coupling value 1.43 of BCS theory. A
similar value of the normalized specific heat jump is also
reported in a previous paper [15], while a slightly larger value
~1.71 is also reported [23]. Zero-field electronic specific heat
C./T obtained from subtracting the phonon terms is shown in
Fig. 1(f). C./T decreases to a small value close to zero at low
T, indicating the nodeless gap structure similar to previous
reports [23,24]. On the other hand, C./T increases linearly
with T in a wide temperature region above T = 1 K, which
is different from the exponential increase for a single-gapped
isotropic s-wave superconductor. The fitting of C, will be
discussed later.

More information about the gap structure can be obtained
from the magnetic field dependence of the specific heat,
C/T vs H, which usually reflects the QPs’ excitation within
the SC gap. For a superconductor with an isotropic single
gap, C(H)/T is linearly related to H [C(H) ~ C,(H/0.8H.,)
under small field, where C, is the normal state specific heat,
and H,, is the upper critical field] because the low-energy
QPs are mainly localized in the vortex core, whose density is
proportional to H [40]. For a single gap with nodes, C(H)/T
is not linearly proportional to H (ocH'/? for the line nodes,
and ocH%%* for the point nodes [41]) because of the QPs’
Doppler shift caused by supercurrents around the vortex core
[42]. In between, C(H)/T for an anisotropic single gap or
multigaps shows a crossover from linear-H to H'/?> depen-
dence [40]. The C(H)/T of PbTaSe, at 0.42 K for H | ¢

is shown in Fig. 1(g), which resides between the linear and
H'/? behaviors. This result excludes the single isotropic gap
structure, the line or loop nodes (both vertical or horizontal),
and the point nodes in the ab plane. However, the point nodes
along the ¢ axis cannot be excluded by the measurements
with H || ¢ because the low-energy QPs will not be excited
when the field is parallel to the nodal direction. Besides, the
anisotropic single gap and multigaps cannot be distinguished
in the C(H)/T results.

Therefore, only the temperature and field-dependent spe-
cific heat results cannot reveal the angle-resolved gap struc-
ture of PbTaSe,. According to the Doppler shift effect, 6E =
mevF - vs (m, is the electron mass, vy is the Fermi velocity,
and vy is the local superfluid velocity always perpendicular
to the field) [42], the zero-energy density of states (DOS)
under small fields in superconductors with nodes or gap
minima depends on the direction of the field with respect
to the nodal/gap minimum positions. When H || nodes/gap
minima, it shows minima because §E = 0 in the case of vp L
v,, while it turns into maxima when H | nodes/gap minima
because §E becomes maximal in the situation of vg || v;.
Therefore, in the low-field region, specific heat shows minima
for H || node/gap minimum, and maxima for H L node/gap
minimum. On the other hand, under high fields, the QP
scattering by the magnetic field is strongly enhanced, exciting
a much higher finite-energy DOS around the nodal positions
for H || node/gap minimum. When the finite-energy DOS
overcomes the zero-energy DOS, the oscillation switches
signs, i.e., specific heat becomes maxima for H || node/gap
minimum, but minima for A | node/gap minimum [43,44].
Such sign change behavior has been observed in superconduc-
tors with nodes [45,46] or gap minima [47,48]. By contrast,
for the isotropic gap structure, the specific heat should be
independent of the field direction. To reveal the angle-resolved
gap structure of PbTaSe,, we turn to the measurements of
specific heat under magnetic field with angle resolution.

Figures 2(a)— 2(d) show the azimuthal angle-resolved spe-
cific heat AC(¢)/T under different magnetic fields at 0.35,
1, 2.1, and 3.2 K, respectively. Obviously, no oscillation is
observed at any temperature and field. Usually the magnitude
of the oscillation from nodes/gap minima is about a few
percent of the total electronic specific heat C.(H) [47,49].
In Supplemental Fig. S2, we show that the noise level of
our system is ~0.07 mJ/mol K? at 0.35 K and 0.08 T. In
this case, an oscillatory signal (e.g., twofold anisotropy) in
the AC(¢)/T with an amplitude of 1%—3% of C./T should
still be observed if it exists (see Supplemental Material S2
[39]). Therefore, our azimuthal angle-resolved specific heat
results confirm that the in-plane gap structure should be nearly
isotropic, although we cannot exclude the possibility of very
tiny anisotropy below our resolution limit. On the other hand,
the out-of-plane gap structure cannot been resolved only by
the azimuthal angle-resolved measurements, because the point
nodes/gap minima along the ¢ axis will not cause oscillation
in AC(¢)/T [46,50].

In order to probe the gap structure along the ¢ axis, and
reveal the 3D gap structure of PbTaSe,, we also measured
the polar-angle dependence of the specific heat AC(0)/T
(see Fig. 3). If the point nodes/gap minima along the ¢ axis
are present, the AC(6)/T is expected to show an oscillatory
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FIG. 2. Azimuthal angle dependence of the specific heat AC(¢)/T measured under various fields at (a) 0.35 K, (b) 1 K, (c¢) 2.1 K, and
(d) 3.2 K, respectively. Each subsequent curve at the same temperature is shifted vertically to show the angle dependence more clearly.
Black-outlined symbols are the measured data; the others are mirrored points to show the angle dependence more clearly.

behavior with a sign change as discussed above. Nevertheless,
AC(0)/T does not display such features. Instead, it manifests
a twofold symmetry at low temperature such as 0.35 K under
small fields [see Fig. 3(a)], which is simply attributed to the
out-of-plane anisotropy of H,,. Under larger fields, AC(0)/T
becomes flat (6 independent) at the 8 range around 0, which
comes from the suppression of SC for H || ¢ (6 = 0) due
to the small H,. Subsequently, the flattened region evolves

T T T 100 T T T
@  [PbTaSe, 035K (®) TPbTaSe, 1K
100 0.5 02T
r S R
8or 01T ]
L™ o
80+ 4
& & 0.08T
% % 60+ M -
£ 6o £
Q =
E £
g T S ~ X
g ‘_" 0.06T S 40} |
40 @& 1 <
= W QU 0047
\VARV4
20+
20+ g 0.02T
-—""‘-\-
~—
0.01T ol 0.01T |
O om0 | g I 0
-180 .1.20 .éo 6 6.0 1‘20 180 -180 -1‘20 -éO (3 éO 1é0 180
0 (deg) 0 (deg)

into a wider 6 range with further increasing field. Finally, the
AC(0)/T becomes totally 6 independent at 0.3 T, indicating
that the H., is reached also for H || ab (6 = £90°). The
out-of-plane anisotropy is consistent with that obtained from
transport and magnetic susceptibility measurements [23,32].
On the other hand, at higher temperatures, AC(6)/T shows
some special features such as the peaks when H || ab (0 =
490°) at 2.1 K for H > 0.04 T [see Fig. 3(c)]. These features
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FIG. 3. Polar angle dependence of the specific heat AC(6)/T measured under various fields at (a) 0.35 K, (b) 1 K, (c) 2.1 K, and (d) 3.2 K,
respectively. Each subsequent curve at the same temperature is shifted vertically to show the angle dependence more clearly. Black-outlined
symbols are the measured data; the others are mirrored points to show the angle dependence more clearly.
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are different from the sign change behavior induced by the
nodal gap structure. In the 6 range around 0°, AC(9)/T
at 2.1 K already becomes 6 independent for H > 0.04 T,
which suggests that it is in the normal state. Meanwhile,
AC(0)/T around £90° stays in the SC state. The larger
AC(6 = £90°)/T than AC(@ = 0°)/T originates from the
larger specific heat in the SC state close to 7; than that in
the normal state. The dips at & = £90° observed at 2.1 K
and 0.04 T are due to the crossover from the minimum to
peak.

Here, we emphasize that the relatively large out-of-plane
anisotropy induces a strong oscillation in AC(0)/T, which
may cover the feature from possible c-axis nodes such as the
sign change behavior. Therefore, we cannot simply exclude
the c-axis point nodes only by the AC(6)/T results. To have
more evidence, we also measured the C(H)/T with H || ab
at 0.33 K as shown in Fig. S3 [39]. The field dependence
of C(H)/T obviously deviates from the expected behavior
of ocH"®* for the point nodes [41]. It increases linearly
with magnetic field with different slopes in the low-field and
high-field regions, representing the behavior of a two-gap
superconductor. Those results confirm that there are no c-axis
point nodes in PbTaSe;.

Now, we return to the temperature dependence of C./T
shown in Fig. 1(f). Based on the above discussions, we fit
the C./T with a two-gap model based on the BCS the-
ory by simply assuming A; and A, are both isotropic s
waves. In this case, C. = n1Co(A1) + 12,C2(A3), where C;
denotes the electronic specific heat for each gap, while n;
denotes the ratio of each gap. The data are well fitted, as
shown by the solid line in Fig. 1(f), with the gap values
A1 =0.28 meV and A; = 0.58 meV, and a relative weight
of n; = 16%, and 1, = 84%. A two-gap model with two
isotropic s-wave gaps has been also applied in the fitting of
the conductance curve of STM [14].

Until now, the temperature, field, and angle dependences
of specific heat have confirmed that the bulk gap structure
of PbTaSe, consists of two 3D isotropic s waves. However,
even for the s-wave gap structure, the gap function can be
sign reversed or preserved. The sign-reversed s wave, usually
called sy, has been suggested to be the most plausible gap
function of iron-based superconductors [30,31]. The amount
of excited QPs should be the same for both the sign-reversed
and sign-preserved s wave. Therefore, to distinguish the two
possible gap functions, a phase-sensitive technique is needed.
The nonmagnetic disorder effect induced by light-particle
irradiation, such as the electron and H™, has been proven
to be an effective method to discriminate the sign-reversed
s wave from the sign-preserved one. For the sign-reversed
st, T. is usually suppressed remarkably by the nonmag-
netic disorders, while T. for the sign-preserved s wave is
robust [52,55].

The HT -irradiation effect on PbTaSe; is summarized and
presented in Fig. 4. It should be noted that PbTaSe, contains
the topological surface state, whose gap function is reported to
be different from the bulk one, which may have nodes [56,57].
To avoid the possible influence of the surface state, T;.’s for the
H-irradiated crystals were probed by both magnetic suscepti-
bility and resistivity measurements as shown in Figs. 4(a) and
4(b), respectively. Obviously, the irradiated crystals display
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FIG. 4. (a) Temperature dependence of the normalized magneti-
zation at 5 Oe for pristine and H* -irradiated crystals. (b) Temperature
dependence of the resistivity for the pristine and some selected
irradiated crystals. Dashed lines are the linear extrapolations to zero
temperature for estimating the residual resistivity pg. (¢) T./T. as a
function of a dimensionless scattering rate g* = iA py/2mkgpo T >.
The solid line is the 7; suppression rate predicted by the Abrikosov-
Gor’kov (AG) theory for an isotropic s-wave superconductor with
magnetic impurities [51]. The dashed line represents the theoretical
prediction by a five-band s+ model [52]. For comparison, we also plot
the results from the Bag3;KogoFesAs, [35], Ba(FepgoCog11)2AS,
[53], and Ba(Fe( 76Rug24)2As, [54] with possible s, pairing.

nearly the same T; as the pristine one, which proves that there
is no node in the gap structure, otherwise 7 will be suppressed
with smearing the nodes by introducing disorders. This result
is consistent with the observation from specific heat.

For a quantitative discussion of the pairing-breaking effect
and a comparison with other superconductors, the 7. suppres-
sion rate T; /Ty is plotted against the dimensionless scattering
rate g8 as shown in Fig. 4(c), where T, is obtained from
the resistivity measurements shown in Fig. 4(b), and T is
the value of 7, for the pristine one. g* = A py/ 2mkp o T oA?
[58], where & is the Planck’s constant divided by 2w, kg is
the Boltzmann constant, (g is the vacuum permeability, and
A is the penetration depth »204 nm evaluated from a tunnel
diode oscillator experiment [25]. A pyg is the increase of resid-
ual resistivity after irradiation, Apy = piradiaied — ppmtme. The
residual resistivity oo was obtained by linearly extrapolating
p-T curves in the normal state above T, to T = 0 K, as shown
by the dashed lines in Fig. 4(b). In the plot of T /Ty vs g*, the
disorder level is expressed by the pg, evaluated simultaneously
with T; in the p-T measurements, which avoids the influence
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from possible thermal annealing after irradiation. Indeed, the
increase of py for the crystal irradiated by 8 x 10'®/cm? of
H™ is smaller than expected, indicating the possible annealing
effect before measurements after irradiation.

For comparison, we also plot the 7. suppression rates
expected by the Abrikosov-Gor’kov (AG) theory for an
isotropic s-wave superconductor with magnetic impurities
(solid line) [51], and that by a five-band s+ model (dashed
line) [52], together with those from Bag 31 Ko coFesAs, [35],
Ba(Feo.9Coo.11)2As2 [53], and Ba(Fep76Rug24)2As8; [54]
with possible si pairing. Clearly, the 7. suppression rate
for PbTaSe, is much smaller than those theories and mate-
rials. Recently, sign-preserved pairing was discussed on the
heavy-fermion CeCu,Si, based on the observation of robust
superconductivity against impurities [59]. On the other hand,
similar behavior of an unchanged T, against H* and electron
irradiation has been observed in an established two-gap s,
superconductor MgB, [60,61]. Therefore, such robust 7; to
the disorders demonstrates that the gap function of PbTaSe,
should be sign preserved rather than sign reversed. Thus, our
combined ARSH and disorder effect studies have proved that
PbTaSe; consists of two isotropic s-wave gaps without a sign
reversal.

IV. CONCLUSIONS

In summary, we have investigated the bulk superconduct-
ing gap function of the topological superconductor PbTaSe,
through the combined studies of ARSH and the disorder ef-
fect. Temperature, magnetic field, and 3D angle dependences
of specific-heat measurements prove that the superconduc-
tivity of PbTaSe, is fully gapped, with two isotropic s-wave
gaps. The superconducting transition temperature 7; is found
to be robust against nonmagnetic disorders induced by H*
irradiation, which suggests that the gap functions should have
the same sign.
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