
1

Vol.:(0123456789)

Scientific Reports |        (2021) 11:13383  | https://doi.org/10.1038/s41598-021-92709-8

www.nature.com/scientificreports

Experimental signatures 
of nodeless multiband 
superconductivity 
in a 2H-Pd

0.08
TaSe

2
 single crystal

Chanhee Kim1, Dilip Bhoi1,5, Yeahan Sur1, Byung‑Gu Jeon1, Dirk Wulferding2, 
Byeong Hun Min1, Jeehoon Kim3 & Kee Hoon Kim1,4*

In order to understand the superconducting gap nature of a 2H-Pd
0.08

TaSe
2
 single crystal with 

T
c
= 3.13 K , in‑plane thermal conductivity κ , in‑plane London penetration depth �

L
 , and the upper 

critical fields H
c2

 have been investigated. At zero magnetic field, it is found that no residual linear 
term κ

0
/T  exists and �

L
 follows a power‑law Tn (T: temperature) with n = 2.66 at T ≤

1

3

T
c
 , supporting 

nodeless superconductivity. Moreover, the magnetic‑field dependence of κ
0
/T clearly shows a 

shoulder‑like feature at a low field region. The temperature dependent H
c2

 curves for both in‑plane 
and out‑of‑plane field directions exhibit clear upward curvatures near T

c
 , consistent with the shape 

predicted by the two‑band theory and the anisotropy ratio between the H
c2

(T) curves exhibits strong 
temperature‑dependence. All these results coherently suggest that 2H-Pd

0.08
TaSe

2
 is a nodeless, 

multiband superconductor.

Multiband superconductivity (MBSC), which features multiple superconducting gaps at various Fermi surfaces, 
has become one of common properties observed in numerous superconductors. The possibility for the MBSC 
was first discussed in theoretical studies, in which the single-band BCS  theory1 has been generalized into the 
case of multi-band  superconductivity2,3. The first experimental signature was indeed found in early 1980s when 
a tunneling spectroscopy study revealed two superconducting gaps in a doped SrTiO3  system4. Various other 
experimental probes such as upper critical fields ( Hc2 ), heat capacity ( Cp ), and thermal conductivity ( κ ) meas-
urements have also verified characteristic signatures of the MBSC in the doped SrTiO3  system5. The discovery 
of MgB2 has brought renewed attention on the physics of MBSC as the material exhibits an unusually high 
superconducting transition temperature ( Tc ≃ 39 K ) associated with the two BCS-type superconducting gaps. 
More recently, experimental signatures for the MBSC have been also observed in iron-based  superconductors6, 
in which sign-changing, nodeless gaps exhibit as many as five different electron and hole  pockets7. Moreover, it 
has been recently suggested that even sulfur hydrides exhibiting Tc ≃ 203 K at a high pressure 155 GPa could be 
also associated with the  MBSC8,9. Therefore, investigations on the possible MBSC in various superconducting 
materials may provide deeper insight for understanding the pairing mechanism and the pairing symmetry, and 
even a clue to reach a higher Tc.

Transition metal dichalcogenides (TMDs) with the chemical formula MX2 , where M is a transition metal 
atom (such as Mo, Ta, or Nb) and X is a chalcogen atom (such as Se or S), and have been known since  1960s10. 
Atomically thin layers of TMDs, being mostly direct band-gap insulators, can find applications in novel elec-
tronic, optical, and spintronic devices due to their high electron  mobility11. Physical properties of TMDs can 
be tuned by various physical parameters to exhibit the interplay and the correlation between various electronic 
 orders12,13. As a number of layers increase, the direct band gap quenches and metallic behavior emerges. The 
most common structural form of the three dimensional TMDs resulted from stacking of thin two dimensional 
layers has either a octahedral (1T) (such as MoS2 or WS2 ) or a trigonal prismatic (2H) (such as NbS2 , NbSe2 , 
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TaS2 and TaSe2 ) coordination of metal atoms. Besides being metallic, they also become superconductors at low 
temperatures, and often stabilize a CDW state as a competing electronic  order13.

However, the characteristics of superconductivity observed in various TMDs has not been understood well. 
As the superconductivity often arises within the CDW ground state, where complex Fermi surfaces composed 
of multiple 4d or 5d bands and ligand p bands are  involved14, there is a good possibility of observing MBSC. On 
the other hand, the study on the MBSC has been limitedly performed in e.g., Nb-based TMDs with relatively 
high-Tc above 6 K; for example, both 2H-NbS2 ( Tc ≃ 6.1 K ) and 2H-NbSe2 ( Tc ≃ 7.2 K ) were found to host node-
less multiband superconductivity based on various experimental probes such as Cp

15,16, κ17, London penetration 
depth ( �L)18,19, and angle-resolved photoemission spectroscopy (ARPES)14. Not only the Nb-based TMDs but 
also Ti-based TMDs are reported to exhibit two superconducting gaps; in an underdoped 1T-CuxTiSe2 crystals, 
two superconducting gaps were necessary to explain the �L data from µ SR  measurements20. On the other hand, 
κ measurements on 1T-Cu0.06TiSe221 and Cp measurements of 1T-CuxTiSe2 single  crystals22 show only evidences 
of single-band superconductivity. Therefore, to fully elucidate the true nature of superconductivity, systematic 
experimental studies are required in each material system.

Except for the aforementioned Nb- and Ti-based TMDs, it is hard to find systematic studies on the nature 
of superconducting gaps in other TMDs. The Ta-based TMDs including 2H-TaSe2 ( Tc ≃ 0.15 K ) and 2H-TaS2 
( Tc ≃ 0.8 K ) have relatively low Tc , which limits experimental feasibility to investigate superconducting gaps. 
On the other hand, it has been found that intercalation of Pd into 2H-TaSe2 ( Tc ≃ 0.15 K ) increases Tc upto as 
high as 3.3 K with Pd intercalation ratio x = 0.08–0.0923. Therefore, the enhanced Tc in 2H-Pd0.08TaSe2 offers 
an opportunity to investigate superconducting gap properties and compare them with those of other supercon-
ducting TMDs. Furthermore, a recent ARPES study of 2H-Pd0.08TaSe2 has revealed that its underlying Fermi 
surface (FS) at the normal state before the CDW formation undergoes a Lifshitz transition near this particular 
composition, forming a van-hove singularity. As a result, topology of the underlying Fermi surface at this optimal 
doping regime is clearly different from that of TaSe2 and becomes qualiatively similar to that of NbSe224. In view 
of the fact that 2H-NbSe2 has exhibited nodeless muliband superconductivity, it is thus worthwhile to investigate 
the gap nature of 2H-PdxTaSe2 with optimal Tc.

Here, we report systematic studies on the superconducting gap nature in a 2H-Pd0.08TaSe2 single crystal 
with a nearly optimal Tc = 3.13 K , based on the measurements of upper critical fields ( Hc2 ), in-plane London 
penetration depth ( �L ), and thermal conductivity ( κ ). All these experimental probes coherently suggest that 
2H-Pd0.08TaSe2 is a nodeless, multiband superconductor.

Results and discussions
Structure and superconducting properties of a 2H-Pd

0.08
TaSe

2
 single crystal. Figure 1a presents 

the 2H-crystal structure of TaSe2 , in which a pair of two 1H-TaSe2 layers form one unit cell. In each 1H-TaSe2 
layer, Ta ions are located in the center of a trigonal prism ( Dh

3 symmetry) created by six Se ions and form a strong 
in-plane bonding with neighboring Se ions. In the 2H-structure, each 1H-TaSe2 layer is rotated by 180◦ along the 
c-axis without in-plane translation, resulting in weak interlayer Se–Se bonding of the van der Waals type along 
the c-axis. Pd ions are intercalated between the Se–Se ions and join a new bonding between neighboring Se ions 
(see black dashed line). This bonding can contribute to enhance the interlayer interaction even though both a- 
and c- lattice constants are known to increase due to the steric nature of Pd  intercalation23. As a result, according 
to the lattice parameters replotted from our previous  work23, both a and c increase systematically with the Pd 
concentration x (Fig. 1b,c). On the other hand, the c/a ratio decreases systematically with x (Fig. 1d).

For the study in this work,a 2H-Pd0.08TaSe2 single crystal has been grown by the chemical vapor transport 
method, which provides a relatively wide ab-plane with a typical lateral area 1.0 mm × 0.2 mm (see, a photo in the 
inset of Fig. 1e). When an X-ray beam is shined on the ab-plane, only (00l) reflections from the X-ray diffraction 
(XRD) pattern (inset of Fig. 1e) are found, indicating that the crystal layers are well formed along the c-axis. To 
extract accurately the lattice constants of the crystal, many pieces of the 2H-Pd0.08TaSe2 single crystals (a total 
of ∼ 8 mg) collected from the same growth batch were ground and measured by θ − 2θ scans. An XRD pattern 
of the ground crystals (black dot) and the Rietveld refinement result (red line) from the FullProf software are 
shown in Fig. 1e. The refinement considering a preferrential orientation could well reproduce the XRD pattern, 
resulting in Rwp = 22.1 and χ2 = 4.06. The refined a- and c-values correspond to 3.4408 Å and 12.744 Å, respec-
tively, which are again plotted in Fig. 1b,c together with the calculated c/a value (Fig. 1d). The lattice constants 
and the c/a ratio (red stars) from the single crystal are close to the expected values in the polycrystalline data, 
indicating successful intercalation of ∼ 8% Pd into the region between the 1H-TaSe2 layers.

Figure 2a displays temperature-dependence of in-plane resistivity ρ in the 2H-Pd0.08TaSe2 single crystal at 
zero magnetic field. ρ starts to drop near an onset transition temperature, Ton

c = 3.3 K and goes to zero below 
T0
c = 3.0 K with a transition width δTc = Ton

c − T0
c = 0.3 K . Tc is defined by the criterion of 0.5ρN ( ρN : normal-

state resistivity) to reduce the effects of vortex motion (0.1ρN criterion) and superconducting fluctuation (0.9ρN 
criterion)25. Note that ρ in a temperature window between 4 and 30 K can be well fitted with a power-law; ρ = ρ0 + 
A T2 with ρ0 = 0.149 m �cm , indicating the Fermi-liquid behavior. Figure 2b shows the temperature dependence 
of 4πχ measured at H = 10 Oe ( H ‖ ab ) upon warming after applying zero-field-cooling (ZFC) and field-cooling 
(FC) conditions. The onset temperature for a diamagnetic signal ( ∼ 3.0 K) agrees well with T0

c  = 3.0 K. At 1.9 
K, 4πχ (chi: magnetic susceptibility)reaches − 0.93, exhibiting a nearly complete Meissner shielding expected 
in a bulk superconductor.

Evidence for multiband superconductivity from the upper critical fields. General behavior of the 
upper critical fields of a superconductor. A pair breaking under H is understood by two major mechanisms, 
i.e., the Pauli- and the orbital-limiting effect. The former involves difference between the two chi’s of super-
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conducting and normal states. A spin paramagnetism lowers the free energy of the normal state relative to that 
of the superconducting state, thus lowering the critical field for a superconducting  transition26. This is called 
as the Pauli-limiting effect. At the Pauli-limited upper critical field at zero temperature ( HP

c2(0) ), a Zeeman 
splitting energy is same as a superconducting condensation energy, i.e. 12χP(H

P
c2(0))

2 = 1
2NF�

2
0 , which yields 

HP
c2(0) =

√
NF/χP�0 . Here, �0 is a superconducting gap at T = 0 , χP = gµ2

BNF is the Pauli spin susceptibil-
ity in the normal state, NF is the density of states at the Fermi energy, and g is the Lande g factor. On the other 
hand, the orbital-limiting effect is related to supercurrents around the vortices. At the orbital-limited upper 
critical field at zero temperature ( Horb

c2 (0) ), a total kinetic energy of supercurrents around vortex cores exceeds 
a superconducting condensation energy. This effect is accompanied by an overlap between normal-state vortex 
cores, leading to µ0H

orb
c2 (0) = φ0/2πξ

2 , where φ0 = 2.07× 10−7 Oe cm2 is the flux quantum and ξ is a coher-
ence  length27.

The Werthamer–Helfand–Hohenberg (WHH) model for a single-band, dirty-limit superconductor involving 
both of these limiting effects can be applied to determine the Hc2–T  relationship27;
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Figure 1.  (a) The 2H-structure of TaSe2 shows that a pair of two 1H-TaSe2 layers form one unit cell. (b) and (c) 
show the evolution of lattice parameters a and c, respectively, with Pd intercalation ratio (x), which are replotted 
from the results by Bhoi et al.23. The corresponding values obtained from the refinement of the XRD data on 
the ground Pd0.08TaSe2 crystals are also plotted as red stars. (d) The calculated c/a ratio based on the data in 
(b) and (c). The black dashed lines in (b)–(c) refer to the linear guide to eyes. The inset of (e) shows an XRD 
pattern measured on the ab-plane of a 2H-Pd0.08TaSe2 single crystal and a photo of the crystal piece ( ∼ 1.0 × 0.2 
mm2 ) lying on a graph paper with one unit of 1 mm. (e) An XRD pattern of the ground crystal (black dot), the 
Rietveld refinement result (red line) with Rwp=22.1 and χ2=4.06, and their subtracted pattern (blue line) along 
with the expected XRD peak positions (green ticks).
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where t = T/Tc , h̄ = (4/π2)(Hc2(T)/|dHc2/dT|Tc ) , α =
√
2Horb

c2 (0)/HP
c2(0) is the Maki parameter, and �so is a 

spin-orbit scattering  constant25,27. Hc2 from Eq. (1) for both field directions exhibit linear temperature-depend-
ence just below Tc , followed by a saturating behavior with a concave functional form at low temperatures.

However, Hc2(T) curves of multiband superconductors such as MgB2
28 and several iron-based 

 superconductors25,29 display a convex function just below Tc . MgB2 even shows a rapid increase of Hc2 near 
T = 028, which is distinct from the behavior described by Eq. (1). This discrepancy is remedied by the two-band 
model developed for a dirty-limit superconductor with negligible interband  coupling28;

w h e r e  a0 = 2(�11�22 − �12�21)  ,  a1 = 1+ (�11 − �22)/�0  ,  a2 = 1− (�11 − �22)/�0  , 
�0 = [(�11 − �22)

2 + 4�12�21]1/2 , h = Hc2D1/2φ0T , t = T/Tc , and η = D2/D1 . �11 and �22 are intraband BCS 
coupling constants, �12 and �21 are interband BCS coupling constants, Di is in-plane diffusivity of an ith band, 
and U(x) = �(x + 1/2)−�(x) where �(x) is the digamma function. This Eq. (2) has successfully described 
the Hc2 behavior of numerous multiband  superconductors28,30.
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Figure 2.  (a) Temperature dependence of in-plane resistivity ρ of the 2H-Pd0.08TaSe2 single crystal at zero 
magnetic field. The ρ starts to decrease ( Ton

c  ) at 3.3 K and goes to zero ( T0
c  ) at 3 K. The inset shows the resistivity 

data below 30 K and a power law fitting (red dashed line) with ρ = ρ0 + AT2 , from which ρ0 is estimated as 
0.149 m�cm . (b) Magnetic susceptibilities measured at H = 10 Oe applied parallel to the ab-plane in both zero 
field cooled (ZFC) and field cooled (FC) conditions. At 1.9 K, 4πχ is about 93%, showing nearly full Meissner 
shielding.



5

Vol.:(0123456789)

Scientific Reports |        (2021) 11:13383  | https://doi.org/10.1038/s41598-021-92709-8

www.nature.com/scientificreports/

Application to the experimental data. The ρ curves of 2H-Pd0.08TaSe2 are obtained for magnetic fields parallel 
to the ab-plane (H ‖ ab ) and to the c-axis (H ‖ c), as presented in Fig. 3a,b, respectively. In both directions, ρ 
exhibits negligible magnetoresistance in the normal state so that ρN stays nearly at the same value 0.149 m � cm . 
With increase in H, the superconducting transition systematically shifts toward lower temperatures in both 
directions. Moreover, one can observe the broadening of the superconducting transition with increase of H; 
for example, for H ‖ c , δTc = 0.3 K at µ0H = 0.6 T increases up to 0.75 K at µ0H = 2 T. Even for H ‖ ab , the 
increase of transition width is observed; δTc = 0.3 K at µ0H = 2 T increases up to 0.5 K at µ0H = 12 T. The 
increasing rate of the transition width is higher for H ‖ c than for H ‖ ab . Such anisotroic broadening has been 
commonly observed in numerous type-II superconductors, indicating that anisotropic thermal fluctuation of 
the vortex state plays a role in the transition broadening process at a high H region.

According to the mean-field theory of type-II superconductors, owing to thermal fluctuation, the vortex-
lattice to the normal-state transition at Hc2 changes into a crossover from the vortex liquid to the normal state, 
and the vortex-liquid state freezes into the vortex-lattice state at a lower melting field than Hc2

31. In a low field 
region, the extent of the vortex-liquid region is quantatively characterized by the Ginzburg–Levanyuk num-
ber, Gi, which is expressed by the material specific paramters as Gi = 0.5 (8π2�2LkBTc/φ

2ξc0)
2 , where kB is the 

Boltzmann constant, and ξc0 is a coherence length along the c  axis31. At sufficiently high H where the cyclotron 
radius of Cooper pair r0 = (φ0/2πH)1/2 becomes shorter than the coherence length ξab032, situation becomes 
quite different. In the field range H > GiH ′

c2Tc , the fluctuation broadening is indeed proportional to the field-
dependent Ginzburg–Levanyuk number, Gi(H) = Gi1/3[H/(H ′

c2Tc)]2/3 , where H ′
c2 = |dHc2/dT| is the linear 

slope of Hc2 curves near Tc
31. Since Hab′

c2 =∼ 5.1 T/K > Hc′
c2 =∼ 1.1 T/K (see, Fig. 3c), the field limit of GiH ′

c2Tc 
is lower in the case of H ‖ c so that the transition broadening should become larger. Our experimental results 
are quite consistent with these theoretical consideration, supporting that the transition broadening at high H 
region is mainly caused by the thermal fluctuation of vortex states.

To find a clue on the pair-breaking mechanism, Hc2 values were determined from the results in Fig. 3a,b. 
Note that the error bars in the determined Hc2 values with the 0.5ρN criterion are less than the symbol size. In 
our former study, the Hc2(T) curves of a single crystal 2H-Pd0.08TaSe2 were investigaed up to 9 T and down to 
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Figure 3.  In-plane resistivity ρ of 2H-Pd0.08TaSe2 crystal for (a) H ‖ ab and (b) H ‖ c . The dashed line in (b) 
shows a linear extrapolation of ρ(T) to estimate the Tc at µ0H = 2.3 T. (c) Temperature dependence of upper 
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line is obtained from the fitting curves for the two-band model shown in (c).
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∼ 100  mK23. However, for the analysis of H-dependent κ measurements, precise estimation of Hc2 extending 
to higher fields is required so that Hab

c2  and Hc
c2 of the 2H-Pd0.08TaSe2 single crystal are re-investigated here 

up to 14 T and down to 0.3 K. Based on the Hc2 curves obtained in Fig. 3c, we first attempted to fit µ0H
ab
c2 (T) 

and µ0H
c
c2(T) with Eq. (1), assuming α = 0 (a case for a pure orbital limiting) and �so = 0 (a case without the 

spin-orbit effect). However, the data could not be fitted well (dashed lines). The Hc2 curves from Eq. (1) exhibit 
a linear temperature-dependence just below Tc in both field directions, followed by a saturating behavior with 
a concave shape at lower temperatures. The fitting results are inconsistent with the µ0H

ab
c2 (T) and the µ0H

c
c2(T) 

curves, both of which display a convex shape just below Tc.
We have thus tried to fit the data with the two-band model explained in Eq. (2)28. If the interband cou-

pling is too large in a two-band superconductor, the superconducting gap amplitudes of each gap are equalized 
and it should behave like a single-band  superconductor33. In our previous heat capacity data on an optimally 
intercalated 2H-Pd0.09TaSe2 polycrystal, we have observed clear evidence for having two distinct supercon-
ducting  gaps23, indicating negligible interband coupling. This suggests that the two-band model in Eq. (2) 
can be applied in 2H-Pd0.09TaSe2 . The fitting curves (solid lines) from the two-band model indeed reproduce 
µ0H

c
c2(T) and µ0H

ab
c2 (T) fairly well, supporting the multiband nature of superconductivity even in 2H-Pd0.08

TaSe2 . For µ0H
ab
c2 (T) , the best fit provides D1 = 0.3 cm2/s, η = 6.5 , �11 = 0.8 , �22 = 0.8 , and �12 = �21 = 0.03 

while for µ0H
c
c2(T) , the best fit parameters are D1 = 1.54 cm2/s, η = 2.98 , �11 = 0.52 , �22 = 0.52 , and 

�12 = �21 = 0.025 . Eq. (2) provides µ0H
c
c2(0)=2.45 T and µ0H

ab
c2 (0)=13.1 T. Using the Ginzburg–Landau expres-

sion µ0H
c
c2(0) = φ0/2πξ

2
ab0 and µ0H

ab0
c2 = φ0/2πξc0ξab0 , ξc0 and ξab0 are estimated to be 2.16 nm and 11.6 nm , 

respectively. Note that the ξc0 is greater than the distance between two neighboring TaSe2 layers (c/2 = 6.372 Å), 
indicating that 2H-Pd0.08TaSe2 is a three-dimensional anisotropic superconductor.

The multiband effect is also corroborated by temperature dependence of the anisotropy ratio between the 
upper critical fields, γH = Hab

c2 /H
c
c2 as shown in Fig. 3d. Upon temperature being lowered, the γH values (solid 

green triangles) increase rapidly near Tc from ∼ 4 to reach a maximum value of ∼ 6.0 at 2.7 K, and slowly 
decreases to become a nearly constant value of ∼ 5.5 below 1.7 K. This kind of strong temperature dependence 
in γH has been similarly observed in other multiband superconductors, e.g. MgB2

28 and several iron-based 
 superconductors29,30, supporting firmly that 2H-Pd0.08TaSe2 is also a multiband superconductor.

Evidence for multiband superconductivity: temperature dependence of in‑plane London pen‑
etration depth. Magnetic force microscopy (MFM) offers a unique opportunity to extract an absolute value 
of the in-plane London penetration depth ( �L)34. The so-called comparative method measures a repulsive force 
between a magnetic tip and a sample and compares it with that between the tip and a standard sample (Nb). The 
force shifts a resonance frequency of the tip, which is depicted in Fig. 4. The magnetic tip was slowly lowered 
towards the ab surface of the superconducting 2H-Pd0.08TaSe2 crystal at T = 0.5 K , which imposes an increas-
ingly strong repulsive Meissner force onto the tip (blue solid line). This Meissner force curve is then compared to 
that of a well-characterized Nb film with �L,Nb = 110 nm (black solid line), measured under the same condition. 
Any difference in �L manifests itself as a horizontal shift between the two curves. It is found that once shifted 
to the higher value by 700 nm, the Meissner force curve well overlaps with that for Nb in a wide range of the 
tip-sample distance (red dashed line). It is estimated that �L(0.5 K) = �L,Nb(0.5 K)+ z = 110 nm + 700 nm = 810 
nm. The inset displays an MFM image of 8 µ m × 8 µ m size, scanned at a tip-sample distance of 300 nm at T = 
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Figure 4.  (a) Meissner force curves from the 2H-Pd0.08TaSe2 single crystal at 0.5 K (blue solid line) and 
the reference sample (Nb, black solid line) to determine in-plane London penetration depth �L . Using the 
comparative method (see the text), one can extract the absolute value of �L . The addition of the shifted distance 
of 700 nm to the black solid line (red dashed line) leads to �L(0.5 K) = �L,Nb(0.5 K)+ z = 110 nm + 700 nm = 
810 nm. Inset : MFM image obtained at T = 0.5 K. (b) Temperature dependence of the �L . Below 13Tc , �L(T) is 
fitted to both the single-band BCS formula (green dashed line) and the power-law ( ATn , red dashed line). The 
former fails to reproduce the data while the latter fits better the data with the exponent n about 2.66, constituting 
compelling evidence on nodeless, multiband nature of the superconducting gap.
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0.5 K. A uniform Meissner force is observed in the entire region except a small defect at the upper left corner, 
indicating homogeneous superfluid density.

Temperature dependence of �L , �L(T) , is presented at low temperatures below 1.25 K in Fig.  4b. 
We first attempted to fit �L(T) with the single-band BCS superconductor  model35, which is given as 
δ�L(T) ≃ �L(0)

√
π�0/2kBT exp (−�0/kBT) , where δ�L(T) = �L(T)− �L(0) . Following a common practice, 

the fitting was performed up to 1.04 K ( ≃ 1
3Tc ) to minimize the thermal fluctuation effects. The resultant best 

fit is drawn as a green dashed line, which is clearly inconsistent with the experimental data. Even the obtained 
parameter �0 = 0.60kBTc is far from the single-band BCS scenario with �0 = 1.76kBTc

1. Hence, the single-band 
BCS formula cannot explain the �L(T) behavior.

As the single-band BCS fitting is not satisfactory, we carried out a power-law fitting with �L(T) = �L(0)+ ATn 
(red dashed line), again up to 1.04 K ( ≃ 1

3Tc ). The power law fit resulted in a good match with the experimental 
data when �L(0) = 760 nm and the exponent n = 2.66 . We first discuss the meaning of the obtained exponent. 
The superconductor with a clean s-wave gap symmetry in the absence of any nodal structure follows the behavior 
often producing an exponent n >∼ 3−−4 in the power-law fitting  scheme36. In the presence of impurities, 
however, a high value of the power exponent often becomes smaller due to the increased quasiparticle density 
of states inside the superconducting  gap37. For example, theoretical studies have shown that such modified 
density of states due to nonmagnetic impurities change the exponential behavior ( n >∼ 3−−4 ) to n = 2 in 
the case of the Fe-based superconductors with sign changing s-wave gaps, i.e, s+−  state36,37 In the experiments 
of Ba1−xKxFe2As2 where a well-defined s+− superconducting gap is likely stabilized, n=∼ 2.7–4 has been indeed 
observed in the range of 0.32 ≤ x ≤ 0.47 . Even for a conventional BCS superconductor SrPd2Ge2 with Tc ≃ 2.7 K 
comparable to our Tc ≃ 3.1 K , the exponent n = 2.7 , being similar to our results, has been  found38. Therefore, 
our exponent n = 2.66 support the nodeless superconducting gap structure.

It should be also noted that a clean superconductor with line nodes is theoretically predicted to have n = 1 , 
e.g. high-Tc cuprates with the d-wave gap  symmetry39. When nonmagnetic impurity scattering exists in the 
superconductors with the line node, the exponent n was indeed varied from 1.0 toward 2.0 but it was mostly 
less than 2.0. For example, Zn-doped YBa2Cu3O6.95 showed gradual changes of n from 1.13 to 1.75 when the 
Zn doping into the Cu sites changed from 0 to 0.31%40. Therefore, our exponent n = 2.66 clearly rules out the 
possibility of superconducting gap state with the nodal  lines36,41.

To check the validity of the experimentally obtained �L(0) , we herein attempt to calculate �L(0) using the 
parameters obtained from the two-band fitting of Hc2 and the heat capacity  measurement23. The London equa-
tion for a two-band superconductor is given  by42

where N1 and N2 are the electron densities of states. �1 and �2 are the gap magnitudes. D1 and D2 are the intra-
band diffusivities. N1 , N2 , �1 and �2 could be derived from the heat capacity measurements, which yields N1 
= 1.51 states/eV f.u., N2 = 0.65 states/cell eV f.u., �1 = 0.49 meV, and �2 = 0.16 meV with a unit cell volume of 
V = 87.7$AA3 . From the Hc2 measurements, the diffusivities are derived as D1 = 1.54 cm2/s, D2 = 4.59 cm2/s, If 
we combine those parameters, we obtain �L(0) ≃ 752 nm, which is similar to the measured �L(0) = 760 nm . 
This results corroborate that the experimentally determined values such as �L(0) , diffusivities, superconduct-
ing gaps, and density of states are consistent each other. Furthermore, the ratio �L(0)/ξab0 = 67 ≫ 1 from the 
fitting parameter �L(0) = 760 nm and ξab0 = 11.4 nm indicates that type-II superconductivity is realized in 
2H-Pd0.08TaSe2.

Evidence for multiband superconductivity: temperature and magnetic‑field dependence of 
thermal conductivity. General behavior of thermal conductivity of a superconductor. Thermal conductiv-
ity of a material κ is described by a sum of each ith heat-transferring carrier κi , i.e. κ =

∑

i κi . The κi within a 
semiclassical approach considering the gapless excitation is generally written  as35

where ci , vi , and li are specific heat, average velocity, and mean free path of the ith heat-transferring carrier, 
respectively. Equation (4) can be applicable to any type of heat carriers such as phonons and electrons.

The phononic thermal conductivity κph from Eq. (4) is given by

where β = 12π4zR/5θ3D is related to the coefficient from the phononic specific heat as cph = βT3 , vph is a mean 
velocity of acoustic phonons, θD is the Debye temperature, z is the number of atoms per formula unit (in this case, 
z = 3 ), R is the ideal gas constant, and lph is a phononic mean free  path35. When phonons are scattered at a rough 
sample boundary (diffuse scattering limit), it is known that the lph is limited to the temperature-independent, 
characteristic sample dimension and thus κph/T is proportional to T243. However, at low-temperatures, the aver-
age phonon wavelength increases to make the surface of given roughness apparently look smoother to result in 
the so-called specular reflection  regime43, which renders lph to be varied with a certain power of T, leading to 
κph/T ≃ Tn−143,44.

The electronic thermal conductivity κN is expressed with the specific heat of electrons ce = π2NFk
2
BT/3:

(3)�
−2
L (0) =

4π2e2

c2�
(N1D1�1 + N2D2�2),

(4)κi =
1

3
civili ,

(5)
κph

T
=

1

3T
cphvphlph =

1

3
βvphlphT

2,
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where ce , vF , le , τ , n, and m∗ parameters refer to specific heat, Fermi velocity, mean free path, scattering time, 
carrier density, and effective mass of electrons, respectively. It is noted that κN/T is independent of T. Accord-
ing to the Wiedemann-Franz  law35, ρN = m∗/ne2τ leads us to estimate κN/T = L0/ρN where L0 = π2k2B/3e

2 = 
2.44 ×10−8 W �/K2 is the Lorenz number. Then, κ/T is as the sum of T-independent ( κN/T ) and κph/T ≃ Tn−1 
in the normal state.

In a superconducting state, we may describe κ/T by a power-law, but the term associated with electrons 
should be replaced by that for quasiparticles ( κ0/T ). The κ0 of nodeless superconductors is not simply expressed 
by Eq. (4) as the equation is built on the assumption of gapless  states45. At T ≪ Tc without H, the κ0/T is given 
by (�0/T)

2 exp (−�0/kBT) , thereby resulting in κ0/T → 0 as T approaches 0  K35. This is consistent with the 
observation that heat is not transferred by the cooper pairs as verified in single-band nodeless superconductors, 
e.g.  Nb46 and multiband nodeless superconductors, e.g. 2H-NbSe2

17.
In sharp contrast, nodal superconductors have a non-zero κ0/T in the zero temperature limit. This behavior 

is attributed to the quasiparticles that can be excited at the nodes even at zero  temperature39. The κ0/T is given 
by π

2k2B
3 N(0)v2Fτ at T → 0 where N(E) are the density of states at energy E45. With the presence of non-magnetic 

impurities, κ0/T is known to approach a finite value, irrelevant to the impurity scattering rate. This is experi-
mentally verified in nodal superconductors, e.g. YBa2Cu3O6.9

45,47.
The magnetic-field dependence of κ(H)/T relies especially on the κ0(H)/T since κph/T is almost unchanged 

by H. κ0(H)/T can be understood by two mechanisms: the Volovik  effect48 and the quasiparticle tunneling 
 effect49. The former involves a quasiparticle energy shift δE ≃ vs · p due to supercurrents around vortices, where 
vs and p are a velocity of the supercurrents and a momentum of the quasiparticles, respectively. On the other 
hand, the latter is related to intervortex spacing which is given by d =

√
φ0/H

35. Smaller d promotes the tun-
neling of localized quasiparticles between adjacent  vortices48; the quasiparticles are then delocalized, leading 
to a finite κ0(H)/T.

In the nodeless single-band superconductors, most of the quasiparticles are confined in a vortex and can-
not be subject to the supercurrent outside the vortex. This results in negligible Volovik  effect48. Therefore, the 
quasiparticle tunneling effect mainly governs the κ0(H)/T behavior of nodeless single-band superconductors. 
More specifically, the quasiparticle tunneling effect contributes to increase of κ0(H)/T under magnetic fields. For 
example, near H ≃ Hc2 , κ0(H)/T is sharply increased due to overlapping of vortices and reaches its normal-state 
value κN/T . This sharply increasing behavior of κ0(H)/T near H ≃ Hc2 is often observed in the nodeless single-
band superconductors such as  Nb46 and  InBi50, and is also applied to the multiband nodeless  superconductors51.

At low H region, on the other hand, nodeless multiband superconductors exhibit a characteristic increase of 
κ0(H)/T , forming a shoulder-like  feature52. In general, multiband nodeless superconductors can have different 
gap amplitudes, forming approximately two major gaps �S and �L , where ‘S’ and ‘L’ denote the smaller and the 
larger gaps. Under H higher than the characteristic field H∗ ≃ �2

S , the superconductivity due to �S is suppressed 
and the quasiparticles are then delocalized across the �S , resulting in the enhanced κ0(H)/T due to the Volovik 
effect of the delocalized quasiparticles. Such an enhanced κ0(H)/T at a low H region, forming a shoulder-like 
feature, has been observed in numerous multiband, nodeless superconductors such as MgB2

51 and several iron-
based  superconductors6,53.

In contrast, the κ0(H)/T of nodal superconductors exhibits behavior distinct from that of nodeless supercon-
ductors. The quasiparticles of the nodal superconductors can be stabilized even outside the vortex core because of 
the gapless quasiparticle excitation at the node. The delocalized quasiparticles then result in shift of their energy 
and even N(E) by the Volovik effect. For example, this effect yields N(E) → N(E + δE) ≃ (E + δE)NF/�0 in 
d-wave superconductors. The energy shift δE averaged around the vortex is approximately given by ≃

√
H48, 

resulting in κ0(H)/T ≃ N(0) ≃
√
H  . This relation was experimentally confirmed by dirty d-wave superconduc-

tors, e.g. TlmBa2Can−1CunO6+δ (m=2 and n=1) (Tl-2201)54.

Applications to the experimental data. In-plane thermal conductivity κ of the 2H-Pd0.08TaSe2 single crystal 
was measured down to 100 mK at various magnetic fields. Figure 5 presents temperature dependence of κ/T . 
We fit the data with a generic relation κ/T = κ0/T + aTn−1 to extract κ0/T and n at zero and finite mag-
netic fields below 200 mK. At zero magnetic field, κ0 /T = 1.54± 4.68 µW/K2 cm and the exponent n = 2 are 
obtained. The deviation of the n from 3 immediately supports the occurrence of the specular reflection at the 
boundary in this low temperature  region43. More importantly, it should be noted that [κ0/T]/[κN/T] = 1 % is 
much smaller than the value expected in a nodal superconductor. Here, κN/T = 163 µW/K2 cm is the estimated 
normal state value by the Wiedemann–Franz law and the normal state resistivity ρN = 1.49× 10−4 � cm . 
Note that the d-wave superconductor Tl-2201 has κ0/T = 1.41 mW/K2 cm which is approximately 36% of 
κN/T = 3.95 mW/K2 cm54. Therefore, the negligible κ0/T found here thus strongly supports that the supercon-
ducting gap of 2H-Pd0.08TaSe2 is nodeless.

When a finite magnetic field ( H ‖ c ) is applied, we find that while the power of n ≈ 2 is almost main-
tained similar to the zero-field result, the y-axis offset corresponding to κ0/T is systematically increased. At 
µ0H = 2.5 T , which is higher than to µ0H

c
c2(0) = 2.45 T , we obtain κ0(2.5 T)/T ≈ 162± 6 µW/K2 cm , being 

comparable to κN/T = 163 µW/K2 cm . This observation shows that H ≈ Hc
c2(0) restores all the electrons to 

participate in the heat transfer in accordance with the Wiedemann–Franz law, corroborating that the fully gapped 
superconducting state is suppressed at the magnetic field close to µ0H

c
c2(0)

6,55.
In Fig. 6, we present normalized residual linear terms [κ0(H)/T]/[κN/T] as a function of normalized magnetic 

field ( H/Hc
c2 ). The [κ0(H)/T]/[κN/T] of a dirty d-wave cuprate Tl-220154, a multiband nodeless superconductor 
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T
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1

3T
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2H-NbSe2
17, a dirty nodeless superconductor  InBi50, and a clean s-wave superconductor  Nb46 are also plotted 

for comparison. The fact that [κ0(0)/T]/[κN/T] is zero for Nb, InBi, and 2H-NbSe2 immediately points to the 
nodeless superconducting state with negligible low-energy quasiparticle excitations. However, the observation 
of a finite [κ0(0)/T]/[κN/T] in Tl-2201 evidences the quasiparticle excitation at the nodal superconducting 
state. Our result for 2H-Pd0.08TaSe2 shows nearly zero residual linear term, thereby supporting clearly nodeless 
superconductivity.

At finite H, [κ0(H)/T]/[κN/T] curves for  InBi50 and  Nb46 exhibit sharp increases at H ≃ Hc2 , which is 
expected in a single-band superconductor. Presence of nodal quasiparticles in the Tl-2201 leads the Volovik 
effect, which provides significant heat conduction even at zero H  region54. Different from the typical behaviors 
expected in the single-band s- or d-wave superconductors, [κ0(H)/T]/[κN/T] of 2H-NbSe2

17 and 2H-Pd0.08TaSe2 
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Figure 5.  In-plane κ/T of the 2H-Pd0.08TaSe2 single crystal at various magnetic fields applied along the c-axis. 
The red dotted lines are the fitting curves of κ/T = κ0/T + aTn−1 with n = 2 to the data at µ0H = 0 T and 2.5 T 
below 200 mK. As the magnetic field reaches 2.5 T, which is comparable to µ0H

c
c2(0) = 2.45 T , κ0/T reaches to 

the value expected from the Wiedemann–Franz law at the normal state, κN/T = L0/ρN = 163 µW/K2 cm (blue 
dashed line). The magnetic field dependence of extracted κ0/T is summarized in Fig. 6.
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Figure 6.  Field dependence of the residual linear term κ0(H)/T of the 2H-Pd0.08TaSe2 single crystal. The 
κ0(H)/T is normalized by the normal-state residual linear term κN/T = 163 µW/K2 cm and H is normalized by 
µ0H

c
c2(0) = 2.45 T. The κN/T is estimated by the Wiedemann–Franz law and the µ0H

c
c2(0) is determined from 

the resistivity measurements (see the text). Error bars correspond to uncertainty in the extrapolation from the 
power-law fitting. For comparison, [κ0(H)/T]/[κN/T] of a d-wave superconductor Tl2Ba2CuO6+δ (Tl-2201)54, 
a multigap nodeless superconductor 2H-NbSe2

17, a dirty nodeless superconductor  InBi50, and a single nodeless 
superconductor  Nb46 are plotted together.
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exhibit a shoulder-like feature located at  0.2< H/Hc
c2 < 0.6. This behavior is originated from the multiband 

superconductivity as discussed in the previous section. Therefore, the shoulder-like feature observed in Fig. 6 
supports multiband superconductivity in 2H-Pd0.08TaSe2.

It is noted that temperature dependence of κ/T at various fields has been investigated in another piece of 
sample (sample2) from the same crystal growth batch. The overall behavior is quite similar to the results in 
Fig. 5. However, as Hc

c2 curves could not be measured directly on the same piece due to the breaking after the κ 
measurements, we have presented the results in the Supplementary Information only. However, once the sample 
2 is assumed to have similar Hc

c2 and κN , the sample 2 should still exhibit a shoulder-like feature at a low field 
region in the [κ0(H)/T]/[κN/T] vs H/Hc

c2 plot. (see, Supplementary Information).

Determination of cleanness and implications of the multiband superconductivity in the elec‑
tronic structure. To check whether the sample is in a clean or dirty limit, an intrinsic coherence length ξ0 
and le can be estimated; κN/T = 1

3T γ0TvFle =
1
3γ0vF le in Eq. (6) leads to the estimation of le = 2.0 nm based on 

the known values of the normal-state κN /T = 163 µW/K2 cm from Fig. 5, the Sommerfeld coefficient γ0 = 8.56 
mJ/K2 mol from the specific heat  measurement23, and vF = 1.4 × 105 m/s from the  ARPES24. In a BCS super-
conductor, ξ0 is usually close to the BCS coherence length �vF/π�0

56. Here, we estimate �0 as 0.49 meV from 
the previous specific heat  measurement23 as �0 is mainly determined by the larger energy gap. Applying these 
parameters results in ξ0 = 60 nm, which is longer than the ξab0 = 11.6 nm estimated from Hc2 measurements. In 
the presence of strong scattering, the electrons can be localized in the scale of le and the ξ0 can be further reduced 
by the impurity  scattering35. The ratio ξ0/le thus turns out to be ∼ 30, showing that the 2H-Pd0.08TaSe2 single 
crystal is in a dirty limit.

In a recent ARPES  study24, it is found that 2H-Pd0.08TaSe2 at the normal state undergoes a Lifshitz transition 
with Pd intercalation, resulting in a quite different FS topology as compared with that of TaSe2 . In other words, 
the electron pockets of a dogbone shape, which are originally well separated in TaSe2 , have merged to form one 
connected, bigger Fermi surface in 2H-Pd0.08TaSe2 (see, Fig. 3 in Ref.24 for details). At the same time, the hole 
pockets located at the Ŵ and the K points of the crystal momentum in TaSe2 have overall increased their areas. 
As a result, the Brillouin zone at the normal state is characterized with well-defined hole-pockets and electron-
like Fermi surfaces that almost fill up the areas of the whole Brillouin zone. In comparison with the spectra of 
2H-TaSe2 , both electron and hole FSs have increased their areas to result in increased density of states in both 
electron and hole channels. In this regard, the Tc enhancement with Pd intercalation could be a natural outcome 
of the increased density of states at the normal states as expected in a BCS superconductor. This further implies 
that the zone-folding effect caused by the commensurate CDW formation might not affect seriously the overall 
increase of density of states with Pd intercalation in the underlying electronic structure.

It should be noticed that the resultant FS topology of 2H-Pd0.08TaSe2 becomes qualitatively close to that 
of 2H-NbSe2 with Tc ≃ 7.2 K, which is also known to exhibit nodeless, multiband superconductivity. It is thus 
inferred that formation of distinctive electron- and hole-Fermi surfaces with large areas at the normal sate should 
be favorable to the formation of multiband superconductivity in both 2H-Pd0.08TaSe2 and 2H-NbSe2 . A higher 
Tc ≃ 7.2 K in 2H-NbSe2 could be still associated with the difference in the electronic structure. In 2H-NbSe2 , 
as compared with the Fermi surface of 2H-Pd0.08TaSe2 , the density of states seems to be further enhanced with 
the overall bandwidth decrease due to the 4d electrons of Nb. Moreover, a CDW state that can possibly suppress 
the density of states further is not formed in 2H-NbSe2.

Conclusion
In conclusion, we have investigated the superconducting gap structure of a 2H-Pd0.08TaSe2 single crystal from 
upper critical fields, in-plane London penetration depth measurements and thermal conductivity measurements. 
The upper critical fields in both magnetic field directions show an upward curvature just below Tc , and overall 
shape can be well fitted by the two-band formula in a dirty limit with negligible interband coupling. Moreover, 
the upper critical field anisotropy exhibits strong temperature dependence. All these behaviors in the upper 
critical fields constitute strong evidences for the multiband superconductivity.

The London penetration depth, as measured by the magnetic force microscopy with a comparative method, 
also supports the multiband superconductivity. At H = 0 , the BCS fitting to �L(T) results in �0 = 0.60 kBTc , 
which is smaller than that expected from the BCS theory, �0 = 1.76 kBTc . A power-law fitting to �L(T) at low 
temperatures below 1/3 Tc provides the exponent n = 2.66 , which is consistent with the nodeless multiband 
superconductivity.

Finally, temperature- and field-dependent measurements of thermal conductivity are also consistent with 
the presence of the nodeless muitiband superconductivity. A vanishingly small residual linear term ( κ0/T ) at 
zero magnetic field and a shoulder-like feature observed in the plot of [κ0(H)/T]/[κN/T] verify the scenario of 
a nodeless multiband superconductivity and rule out the possibility of nodal superconductivity. All these results 
therefore consistently form compelling evidences that nodeless multiband superconductivity is realized in the 
single crystal of 2H-Pd0.08TaSe2 , as similar to the case of 2H-NbSe2.

Methods
Single crystals of 2H-Pd0.08TaSe2 were grown by the chemical vapor transport method using SeCl4 as a trans-
port agent as described in our previous  report23. Room temperature XRD of the crystal was performed by a 
diffractometer ( EmpyreanTM , PANalytical). The obtained pattern was refined by the Fullprof software. In-plane 
resistivity measurements were performed in a Physical Property Measurement System (Quantum Design) by the 
conventional four probe method. Magnetic susceptibility was measured with a Magnetic Property Measurement 
System ( PPMSTM , Quantum Design). The absolute value of the in-plane London penetration depth was measured 
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in a home-built 3He-MFM probe, operating inside a 3-axis vector magnet (2–2–9 T in the x–y–z direction)34. 
In-plane thermal conductivity was measured by a standard steady-state two-thermometer, one-heater method 
in a dilution refrigerator. RuOx thermometers were carefully calibrated in magnetic fields for the κ measure-
ment. For both electrical and thermal transport measurements, contacts were made with silver paste (Dupont 
4929NTM ). For κ measurements, heat current was applied along the ab-plane and magnetic field was applied 
along c-axis. We have used the same piece of crystal for XRD, magnetic susceptibility, ρ , and κ measurements. 
For �L measurements, another piece of a crystal from the same batch was used.

Received: 13 October 2020; Accepted: 20 May 2021

References
 1. Bardeen, J., Cooper, L. N. & Schrieffer, J. R. Microscopic theory of superconductivity. Phys. Rev. 106, 162 (1957).
 2. Suhl, H., Matthias, B. T. & Walker, L. R. Bardeen–Cooper–Schrieffer theory of superconductivity in the case of overlapping bands. 

Phys. Rev. Lett. 3, 552 (1959).
 3. Kondo, J. Superconductivity in transition metals. Prog. Theor. Phys. 29, 1 (1963).
 4. Binnig, G., Baratoff, A., Hoenig, H. E. & Bednorz, J. G. Two-band superconductivity in Nb-doped SrTiO3 . Phys. Rev. Lett. 45, 1352 

(1980).
 5. Lin, X. et al. Multiple nodeless superconducting gaps in optimally doped SrTi1−xNbxO3 . Phys. Rev. B 90, 140508 (2014).
 6. Bourgeois-Hope, P. et al. Thermal conductivity of the iron-based superconductor FeSe: Nodeless gap with a strong two-band 

character. Phys. Rev. Lett. 117, 097003 (2016).
 7. Ding, H. et al. Observation of Fermi-surface-dependent nodeless superconducting gaps in Ba0.6 K 0.4Fe2As2 . Europhys. Lett. 83, 

47001 (2008).
 8. Drozdov, A. P., Eremets, M. I., Troyan, I. A., Ksenofontov, V. & Shylin, S. I. Conventional superconductivity at 203 kelvin at high 

pressures in the sulfur hydride system. Nature 525, 73 (2015).
 9. Bussmann-Holder, A., Köhler, J., Simon, A., Whangbo, M. & Bianconi, A. Multigap superconductivity at extremely high tempera-

ture: A model for the case of pressurized H 2 S. J. Supercond. Nov. Magn. 30, 151 (2017).
 10. Frindt, R. F., Yoffe, A. D. & Bowden, F. P. Physical properties of layer structures: Optical properties and photoconductivity of thin 

crystals of molybdenum disulphide. Proc. R. Soc. Lond. A 273, 69–83 (1963).
 11. Manzeli, S., Ovchinnikov, D., Pasquier, D., Yazyev, O. V. & Kis, A. 2D transition metal dichalcogenides. Nat. Rev. Mater. 2, 17033 

(2017).
 12. Abdel-Hafiez, M. et al. Enhancement of superconductivity under pressure and the magnetic phase diagram of tantalum disulfide 

single crystals. Sci. Rep. 6, 31824 (2016).
 13. Majumdar, A. et al. Interplay of charge density wave and multiband superconductivity in layered quasi-two-dimensional materials: 

The case of 2H− NbS2 and 2H− NbSe2 . Phys. Rev. Mater. 4, 084005 (2020).
 14. Yokoya, T. et al. Fermi surface sheet-dependent superconductivity in 2 H-NbSe2 . Science 294, 2518 (2001).
 15. Kačmarčík, J. et al. Specific heat measurements of a superconducting NbS2 single crystal in an external magnetic field: Energy gap 

structure. Phys. Rev. B 82, 014518 (2010).
 16. Huang, C. L. et al. Experimental evidence for a two-gap structure of superconducting NbSe2 : A specific-heat study in external 

magnetic fields. Phys. Rev. B 76, 212504 (2007).
 17. Boaknin, E. et al. Heat conduction in the vortex state of NbSe2 : evidence for multiband superconductivity. Phys. Rev. Lett. 90, 

117003 (2003).
 18. Diener, P., Leroux, M., Cario, L., Klein, T. & Rodière, P. In-plane magnetic penetration depth in NbS2 . Phys. Rev. B 84, 054531 

(2011).
 19. Fletcher, J. D. et al. Penetration depth study of superconducting gap structure of 2 H-NbSe2 . Phys. Rev. Lett. 98, 057003 (2007).
 20. Zaberchik, M. et al. Possible evidence of a two-gap structure for the CuxTiSe2 superconductor. Phys. Rev. B 81, 220505 (2010).
 21. Li, S. Y., Wu, G., Chen, X. H. & Taillefer, L. Single-gap s-wave superconductivity near the charge-density-wave quantum critical 

point in CuxTiSe2 . Phys. Rev. Lett. 99, 107001 (2007).
 22. Kačmarčík, J. et al. Heat capacity of single-crystal CuxTiSe2 superconductors. Phys. Rev. B 88, 020507 (2013).
 23. Bhoi, D. et al. Interplay of charge density wave and multiband superconductivity in 2 H-PdxTaSe2 . Sci. Rep. 6, 24068 (2016).
 24. Chikina, A. et al. Turning charge-density waves into Cooper pairs. NPJ Quantum Mater. 5, 22 (2020).
 25. Khim, S. et al. Pauli-limiting effects in the upper critical fields of a clean LiFeAs single crystal. Phys. Rev. B 84, 104502 (2011).
 26. Maki, K. & Tsuneto, T. Pauli paramagnetism and superconducting state. Prog. Theor. Phys. 31, 945 (1964).
 27. Werthamer, N. R., Helfand, E. & Hohenberg, P. C. Temperature and purity dependence of the superconducting critical field, Hc2 . 

III. Electron spin and spin-orbit effects. Phys. Rev. 147, 295 (1966).
 28. Gurevich, A. et al. Very high upper critical fields in MgB2 produced by selective tuning of impurity scattering. Supercond. Sci. 

Technol. 17, 278 (2003).
 29. Wang, Z.-S., Luo, H.-Q., Ren, C. & Wen, H.-H. Upper critical field, anisotropy, and superconducting properties of 

Ba 1−x K x Fe 2 As 2 single crystals. Phys. Rev. B 78, 140501 (2008).
 30. Lei, H. et al. Iron chalcogenide superconductors at high magnetic fields. Sci. Technol. Adv. Mater. 13, 054305 (2012).
 31. Koshelev, A. E. et al. Melting of vortex lattice in the magnetic superconductor RbEuFe4As4 . Phys. Rev. B 100, 094518 (2019).
 32. Masui, T., Lee, S. & Tajima, S. Origin of superconductivity transition broadening in MgB2. Physica C 383, 299–305 (2003).
 33. Erwin, S. C. & Mazin, I. I. Toward one-band superconductivity in MgB2 . Phys. Rev. B 68, 132505 (2003).
 34. Yang, J. et al. Construction of a 3 He magnetic force microscope with a vector magnet. Rev. Sci. Instrum. 87, 023704 (2016).
 35. Abrikosov, A. A. Fundamentals of the Theory of Metals (North-Holland, 1988)
 36. Prozorov, R. & Kogan, V. G. London penetration depth in iron-based superconductors. Rep. Prog. Phys. 74, 124505 (2011).
 37. Bang, Y. Superfluid density of the ±s-wave state for the iron-based superconductors. Europhys. Lett. 86, 47001 (2009).
 38. Kim, H., Sung, N. H., Cho, B. K., Tanatar, M. A. & Prozorov, R. Magnetic penetration depth in single crystals of SrPd2Ge2 super-

conductor. Phys. Rev. B 87, 094515 (2013).
 39. Hirschfeld, P. J. & Goldenfeld, N. Effect of strong scattering on the low-temperature penetration depth of a d-wave superconductor. 

Phys. Rev. B 48, 4219 (1993).
 40. Bonn, D. A. et al. Comparison of the influence of Ni and Zn impurities on the electromagnetic properties of YBa2Cu3O6.95 . Phys. 

Rev. B 50, 4051 (1994).
 41. Cho, K. et al. Energy gap evolution across the superconductivity dome in single crystals of (Ba1−xKx)Fe2As2 . Sci. Adv. 2, e1600807 

(2016).
 42. Gurevich, A. Enhancement of the upper critical field by nonmagnetic impurities in dirty two-gap superconductors. Phys. Rev. B 

67, 184515 (2003).



12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:13383  | https://doi.org/10.1038/s41598-021-92709-8

www.nature.com/scientificreports/

 43. Ziman, J. M. Electrons and Phonons: The Theory of Transport Phenomena in Solids (Oxford University Press, 1960).
 44. Li, S. Y. et al. Low-temperature phonon thermal conductivity of single-crystalline Nd2CuO4 : Effects of sample size and surface 

roughness. Phys. Rev. B 77, 134501 (2008).
 45. Graf, M. J., Yip, S. K., Sauls, J. A. & Rainer, D. Electronic thermal conductivity and the Wiedemann–Franz law for unconventional 

superconductors. Phys. Rev. B 53, 15147 (1996).
 46. Lowell, J. & Sousa, J. B. Mixed-state thermal conductivity of type II superconductors. J. Low Temp. Phys. 3, 65 (1970).
 47. Taillefer, L., Lussier, B., Gagnon, R., Behnia, K. & Aubin, H. Universal heat conduction in YBa2Cu3O6.9 . Phys. Rev. Lett. 79, 483 

(1997).
 48. Volovik, G. E. Superconductivity with lines of gap nodes: density of states in the vortex. JETP Lett. 58, 469 (1993).
 49. Maki, K. Thermal conductivity of pure type-II superconductors in high magnetic fields. Phys. Rev. 158, 397 (1967).
 50. Willis, J. O. & Ginsberg, D. M. Thermal conductivity of superconducting alloy films in a perpendicular magnetic field. Phys. Rev. 

B 14, 1916 (1976).
 51. Sologubenko, A. V., Jun, J., Kazakov, S. M., Karpinski, J. & Ott, H. R. Thermal conductivity of single-crystalline MgB2 . Phys. Rev. 

B 66, 014504 (2002).
 52. Kusunose, H., Rice, T. & Sigrist, M. Electronic thermal conductivity of multigap superconductors: Application to MgB2 . Phys. Rev. 

B 66, 214503 (2002).
 53. Hong, X.-C. et al. Doping evolution of the superconducting gap structure in heavily hole-doped Ba1xKxFe2As2 : A heat transport 

study. Chin. Phys. Lett. 32, 127403 (2015).
 54. Proust, C., Boaknin, E., Hill, R. W., Taillefer, L. & Mackenzie, A. P. Heat transport in a strongly overdoped cuprate: Fermi liquid 

and a pure d-Wave BCS superconductor. Phys. Rev. Lett. 89, 147003 (2002).
 55. Hong, X. C. et al. Multigap nodeless superconductivity in nickel chalcogenide TlNi2Se2 . Phys. Rev. B 90, 060504 (2014).
 56. Lin, X., Rischau, C. W., van der Beek, C. J., Fauqué, B. & Behnia, K. s-wave superconductivity in optimally doped SrTi1−xNbxO3 

unveiled by electron irradiation. Phys. Rev. B 92, 174504 (2015).

Acknowledgements
This work was financially supported by Grant nos. 2019R1A2C2090648, 2019M3E4A1080227 and 
2016K1A4A3914691 through the National Research Foundation (NRF) of Korea funded by the Korean govern-
ment. D. Wulferding is supported by Institute for Basic Science (IBS), Grant No. IBS-R014-D1.

Author contributions
D.B. prepared the single crystalline samples. C.K. and D.B. characterized the samples. D.W. and J.H.K. performed 
the low temperature magnetic force microscopy measurements in a 3 He cryostat. C.K., B.-G.J. and B.H.M. per-
formed the low temperature thermal conductivity in a dilution refrigerator. C.K., D.B., Y.S. and K.H.K. analyzed 
the data and wrote the manuscript. K.H.K. devised the project and advised the research. All authors discussed 
the results and commented the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 92709-8.

Correspondence and requests for materials should be addressed to K.H.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-92709-8
https://doi.org/10.1038/s41598-021-92709-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Experimental signatures of nodeless multiband superconductivity in a  single crystal
	Results and discussions
	Structure and superconducting properties of a  single crystal. 
	Evidence for multiband superconductivity from the upper critical fields. 
	General behavior of the upper critical fields of a superconductor. 
	Application to the experimental data. 

	Evidence for multiband superconductivity: temperature dependence of in-plane London penetration depth. 
	Evidence for multiband superconductivity: temperature and magnetic-field dependence of thermal conductivity. 
	General behavior of thermal conductivity of a superconductor. 
	Applications to the experimental data. 

	Determination of cleanness and implications of the multiband superconductivity in the electronic structure. 

	Conclusion
	Methods
	References
	Acknowledgements


