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Fully gapped spin-singlet superconductivity in noncentrosymmetric PbTaSe;:
27Ph nuclear magnetic resonance study
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We report the 2’Pb nuclear magnetic resonance (NMR) measurements on polycrystalline sample of PbTaSe,
with noncentrosymmetric crystal structure and topological electronic band. The nuclear spin-lattice relaxation
rate 1/ T, shows a suppressed coherence peak below the superconducting transition temperature 7, = 4.05 K and
decreases as an exponential function of temperature. The penetration depth derived from the NMR spectrum is
almost temperature independent below 7' = 0.7 T... The Knight shift K decreases below 7. These results suggest
spin-singlet superconductivity with a fully opened gap 2A = 3.5 kg7; in PbTaSe,.
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I. INTRODUCTION

In superconductors with an inversion center in the crystal
structure, either spin-singlet even-parity, or spin-triplet odd-
parity superconducting state is realized. However, if the spatial
inversion symmetry is broken, parity is no longer a conserved
quantum number, then a spin-singlet and spin-triplet mixed
superconducting state becomes possible. In a noncentrosym-
metric (NCS) system, an antisymmetric spin-orbit coupling
(ASOC) interaction is induced and the parity-mixing extent
is determined by the strength of the ASOC [1,2]. In some
NCS superconductors, such as Ce(Pt,Ir)Sis [3,4], Li,(Pd,Pt); B
[5-9], Mg,oIr19B¢ [10,11], Mo3ALC [12], ResZr [13,14],
and so on, interesting properties have been reported. In all
NCS compounds with weak electron correlations, however,
no striking evidence for a strong parity-mixing was observed
except for Li,(Pd;_,Pt,)3;B [8,9], where the ASOC is abruptly
enhanced beyond x = 0.8 due to a large tilting of octahedron-
octahedron angle [15].

Recently, studies of NCS materials have entered a new stage
for the topological aspects of the superconductivity [16,17]. In
topological superconductors, the existence of Majorana zero
modes was suggested in the vortex core or on the edge [18],
which has a bright application perspective. Some roots to
bulk topological superconductors with time-reversal symmetry
have been suggested. One is doped topological insulators
[19]. Indeed, spin-triplet odd-parity superconductivity has
been observed in the doped topological insulator Cu,Bi,Se,,
establishing it as a topological superconductor with inversion
symmetry [20]. Also, superconducting Dirac/Wyle semimetals
can be topological superconductors [21,22]. Another way to
obtain a topological superconducting state is through NCS su-
perconductors, which can have a nonzero topological invariant
[23]. In addition to Li,(Pd;_,Pt,);B, materials such as LaPtBi
[24,25] and BiPd [26] have recently been proposed as candi-
dates, but clear evidence of unconventional superconductivity
has not been found so far [27].

PbTaSe; has a layered hexagonal unit cell with the space
group of P6m?2. Although the compound has been known
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since 1980 [28,29], superconductivity was reported only re-
cently [30]. Angle-resolved photoemission spectroscopy mea-
surements data showed the existence of topological nodal
lines near the Fermi level [31], which are protected by a
reflection symmetry of the space group. Thus, PbTaSe, has
both aspects of NCS superconductors and topological metals.
Although s-wave gap was suggested by the specific heat and
the penetration depth measurement [32,33], the upper critical
field H., at low-temperature shows an unconventional upward
curvature as a function of temperature [34]. To investigate
the superconducting state of PbTaSe, in more detail, further
microscopic experiments are needed.

In this paper, we report 2°’Pb nuclear magnetic resonance
(NMR) measurements of polycrystalline sample of PbTaSe;.
In the temperature dependence of spin-lattice relaxation rate
1/T,, we find a suppressed coherence peak just below T,
and 1/T; decreases exponentially at low temperatures. The
penetration depth derived from the linewidth of the NMR
spectrum shows a temperature-independent behavior below
T = 0.7 T.. The Knight shift decrease below T;.. These results
are consistent with a superconducting state with a full gap and
spin-singlet symmetry.

II. EXPERIMENTAL

Polycrystalline sample of PbTaSe, was prepared by the
solid-state reaction method using a sealed evacuated quartz
tube. Elemental starting materials of Pb (99.9999% purity), Ta
(99.9%), and Se (99.999%) with a stoichiometric ratio were
placed in a quartz tube, sealed under vacuum, and heated in
800°C for one week. The melted sample was crashed into
powder for x-ray diffraction (XRD) and NMR measurement.
XRD measurement are performed with Cu K, radiation at
room temperature. The 7, was determined by measuring the
inductance of the in situ NMR coil. NMR measurements
were carried out by using a phase-coherent spectrometer. The
207Pb-NMR spectra were obtained by the fast Fourier transform
of the spin-echo obtained with a standard 7 /2-7-7 sequence.
The Knight shift K was calculated using nuclear gyrometric

©2018 American Physical Society
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FIG. 1. (a) The powder XRD pattern for PbTaSe,. The dotted
line is the observed data and red line shows the theoretical fitting
obtained by the Rietveld method. Reflections are indexed with respect
to the space group of P6m2. The inset shows the crystal structure
of PbTaSe,. (b) ac susceptibility measured using the in situ NMR
coil in H =0 and 0.19 T. The arrow indicates T, for each field.
(c) Temperature dependence of the upper critical field H.>(T'), the
solid curve is the fitting to the WHH theory.

ratio yx = 8.874 MHz/T for 2°’Pb. In order to minimize the
reduction of 7, by the applied magnetic field, measurements
were performed at a small field of Hy = 0.19 T. The T} was
measured by using a single saturating pulse, and determined
by fitting the recovery curve of the nuclear magnetization to a
single exponential function: M‘)_T?}M = exp(— TLI), where M is
the nuclear magnetization in the thermal equilibrium and M(¢)
is the nuclear magnetization at a time ¢ after the saturating
pulse. The recovery curve was well fitted with a unique 7}

component for all temperature range.

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows the XRD pattern for PbTaSe,. The result
can be fitted by the Rietveld method, with no peaks from
secondary phase. We obtained the lattice constanta = 3.436 A
and ¢ = 9.375 A, which are close to the previous report of
a =344 A and ¢ = 9.35 A [28]. Figure 1(b) shows the ac
susceptibility verses temperature for the zero field and an
applied magnetic field H = 0.19 T, respectively. The T. for
zero magnetic field is 4.05 K, which is higher than 3.7-3.9 K
reported previously [30,33,34]. The value of T, is reduced to
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FIG. 2. The *’Pb-NMR spectra measured in a magnetic field of
H = 0.19 T above and below T.(H) = 3.4 K respectively. The solid
curves are Gaussian fits to each spectrum.

340 K at H = 0.19 T. The temperature dependence of the
upper critical field H(T) is plotted in Fig. 1(c), with the solid
curve for Werthamer-Helfand-Hohenberg (WHH) theory [35].

Figure 2 shows the 2’Pb (I = 1/2) NMR spectrum above
and below T, respectively. The spectra can be fitted by a
single Gaussian. Figure 3 shows the temperature dependence
of 1/T, measured at the peak of the NMR spectrum at H =
0.19 T. As seen in the figure, 1/T) varies in proportion to the
temperature (7") above T, as expected for conventional metals,
indicating no electron-electron interaction. Below T, 1/T)
shows a suppressed coherence peak (Hebel-Slichter peak), but
decreases exponentially at low temperatures. The inset to Fig. 3
shows a semilogarithmic plot of 1/7; as a function of 7./ T,
indicating more visually that 1/7; decays exponentially with
respect to temperature. The spin-lattice relaxation rate in the
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FIG. 3. Temperature dependence of the spin-lattice relaxation rate
1/ T, measured by 2”Pb-NMR. The straight line above 7, represents
the 71T = const. relation. The solid curve below T is a calculation
assuming the s-wave gap function (see text). The inset shows the
semilogarithmic plot of 1/ 7 versus T,/ T. The solid line in the inset

_ Ao
represents the relation 1/ 7 e r),
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superconducting state 1/ 7 is expressed as

T _ //( +—>N(E)N (E')
Tis  kgT SVEITS

x f(E)[1 — f(ENS(E — EdEdE', N

where 1/ Ty is the relaxation rate in the normal state, Ng(E)
is the superconducting density of states (DOS), and f(E) is

the Fermi distribution function. C =1 + % is the coherence
factor with A being the superconducting gap. To perform the
calculation of Eq. (1), we follow Hebel to convolute Ng(E)
with a broadening function B(E) [36], which is approximated
with a rectangular function centered at E with a height of 1/2§.
The solid curve below T, shown in Fig. 3 is a calculation based
on the BSC gap function with 2A = 3.5 kgT,, r = A(0)/§ =
1.8. It fits the experimental data except for just below 7. The
parameter 2A is close to the BCS value of 3.53 kg T-..

We comment on the lack of coherence peak. First of all,
non s-wave superconducting state produces no coherence peak.
Even in an s-wave superconductor, the height of the coherence
peak can be suppressed by many factors such as a large
applied magnetic field, anisotropy of superconducting gap
[37], multiple superconducting gaps [38], large nuclear electric
quadrupole moment [39], and phonon damping in the strong-
coupling regime [40,41]. Since 2A = 3.5 kg7, indicates a
weak-coupling superconductor, phonon damping is unlikely as
a origin. 2’Pb (I = 1/2) has no electric quadrupole moment,
so the effect of the electric quadrupole interaction is also
excluded. At the moment, an anisotropic superconducting gap
or the multiband electronic structure is likely to be responsible
for the suppressed coherence peak in the case of s-wave
supercomputing state. Indeed, the multigap superconductivity
is suggested from the thermal conductivity and the upper
critical field measurements in Refs. [34,42]. In any case, the
exponential decay of 1/T; suggests a fully opened gap.

The temperature dependence of the penetration depth de-
rived from the NMR spectra supports the conclusion. The full
width at half maximum (FWHM) as a function of temperature
is plotted in Fig. 4(a). Above T;, the FWHM is temperature
independent. However, the FWHM increases below T .(H),
due to a distribution of the magnetic field in a superconductor
in the vortex state [43]. The difference of the FWHM between
temperatures below and above T is related to the London
penetration depth X as the following [44],

oo
e

VFWHM(T =0)2 —FWHM(T > T,)2 =0.0609y,

Here, y, is the gyromagnetic ratio for a nucleus, ¢y = 2h/e =
2.07x1077 Oe/cm? is the quantized magnetic flux. Our result
shows that the penetration depth is 7 independent below T =
0.7 T¢, indicating a full gap superconducting state. If there are
nodes in the superconducting gap function, A(7") will show a
T -linear temperature dependence at low temperatures. For a
fully gapped superconductor, the temperature dependence of
Afor T/T, < 0.5 is described as follows [45]:

M) = 2] 14 | T2 A 3
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FIG. 4. (a) The temperature variation of the full width at the
half maximum (FWHM) for the 2Y’Pb-NMR spectrum. (b) The
temperature dependence of penetration depth A calculated from
the FWHM (see text for detail).

The solid line below T, in Fig. 4(b) is the calculation by
assuming a fully gapped superconducting state with A(7T" = 0)
obtained from the 7 result and A(0) is calculated to be 550 nm.
This value is a little larger than previous uSR report in the
applied magnetic field of A(0) = 180 nmin 0.040 T and 140 nm
in 0.025 T [46]. The temperature below which A(T) becomes
T independent is also slightly higher compared to Ref. [46].
Differences in measuring conditions may be one of the causes.
In uSR study, the magnetic field was applied parallel to the
¢ axis for which HY, was calculated to be 0.1 T [46], which
is much lower than the applied magnetic field in this study.
An anisotropy of physical properties could be another cause.
When the Knight shift is anisotropic, the observed spectrum in
the polycrystalline sample will be broadened. In calculating A
from the FWHM, such broadening was not taken into account.
At any rate, the temperature dependence of A together with the
result of 1/T; are consistent with recent the specific heat and
the London penetration depth measurement [32,33].

Figure 5 shows the Knight shift, K, as a function of temper-
ature. Above T, the shift is 7 independent, while it decreases
below T.. Generally, the Knight shift in the superconducting
state is expressed as,

K = Korb + KS + Kdiav (4)
Ks = Antxs, 5)
9/ (E)
X = —4id / Ns<E>f—dE ©)

where K, is the contribution due to orbital susceptibility
whichis T independent, Ay is the hyperfine coupling constant,
Xs 18 the spin susceptibility, and K, is contribution from
diamagnetism in the vortex state. The Kgi, is calculated by
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FIG. 5. The Knight shift versus temperature for PbTaSe, mea-
sured at H = 0.19 T. The size of diamagnetic contribution Ky;, in the
zero-temperature limit due to the formation of vortex lattice is shown
in the figure.

using following equation for diamagnetic field Hg;, [47]:

()

Hdia = Hcl lng

: N

Here, g 15 0.38 for triangular lattice of vortex, £ is the coherence
length, A is the London penetration depth. For & and A, the
values obtained from the measurement of H., and the FWHM

were used. As a result, Ky, was calculated to be —0.05% at
most. Even if Kg;, is taken into consideration, the Knight shift
decreases substantially below T, which is consistent with the
spin-singlet Cooper pairing. The large finite value of K at the
lowest temperature is probably due to K. Further work is
needed to determine K,y in the future. In addition, in the
presence of strong spin-orbit coupling, spin-orbit scattering
can also cause a large spin susceptibility in the superconducting
state [48]. This is very likely in the present case as Pb is a heavy
element and the sample is powdered [48].

IV. SUMMARY

In summary, a polycrystalline sample of noncentrosym-
metric superconductor PbTaSe, was investigated by using
207ph-NMR method. We find that the spin-lattice relaxation
rate 1/T) exhibits an exponential behavior with respect to
temperature, with a suppressed coherence peak just below T¢,
which suggests a fully opened gap. The temperature variation
of the penetration depth derived from the NMR spectrum
supports this conclusion. The spin susceptibility measured by
the Knight shift decreases below T, suggesting that the Cooper
pairs are in a singlet state.

ACKNOWLEDGMENTS

We thank G. F. Chen for collaboration using a single crystal
in the early stage of this work. This work was supported by
the JSPS Grants (No. JP15H05852, No. JP16H04016, and No.
JP17K14340).

[1] L. P. Gor’kov and E. I. Rashba, Phys. Rev. Lett. 87, 037004
(2001).

[2] P. A. Frigeri, D. E. Agterberg, A. Koga, and M. Sigrist,
Phys. Rev. Lett. 92, 097001 (2004).

[3] E. Bauer, G. Hilscher, H. Michor, Ch. Paul, E. W. Scheidt,
A. Gribanov, Y. Seropegin, H. Noél, M. Sigrist, and P. Rogl,
Phys. Rev. Lett. 92, 027003 (2004).

[4] H. Mukuda, T. Fujii, T. Ohara, A. Harada, M. Yashima, Y.
Kitaoka, Y. Okuda, R. Settai, and Y. Onuki, Phys. Rev. Lett.
100, 107003 (2008).

[5] K. Togano, P. Badica, Y. Nakamori, S. Orimo, H. Takeya, and
K. Hirata, Phys. Rev. Lett. 93, 247004 (2004).

[6] M. Nishiyama, Y. Inada, and G.-q. Zheng, Phys. Rev. B 71,
220505(R) (2005).

[7] P. Badica, T. Kondo, and K. Togano, J. Phys. Soc. Jpn. 74, 1014
(2005).

[8] M. Nishiyama, Y. Inada, and G.-q. Zheng, Phys. Rev. Lett. 98,
047002 (2007).

[91 H. Q. Yuan, D. F Agterberg, N. Hayashi, P. Badica,
D. Vandervelde, K. Togano, M. Sigrist, and M. B. Salamon,
Phys. Rev. Lett. 97, 017006 (2006).

[10] T. Klimczuk, Q. Xu, E. Morosan, J. D. Thompson, H. W.
Zandbergen, and R. J. Cava, Phys. Rev. B 74, 220502(R) (2006).

[11] K. Tahara, Z. Li, H. X. Yang, J. L. Luo, S. Kawasaki, and G.-q.
Zheng, Phys. Rev. B 80, 060503(R) (2009).

[12] E. Bauer, G. Rogl, X.-Q. Chen, R. T. Khan, H. Michor, G.
Hilscher, E. Royanian, K. Kumagai, D. Z. Li, Y. Y. Li, R.
Podloucky, and P. Rogl, Phys. Rev. B 82, 064511 (2010).

[13] R. P. Singh, A. D. Hillier, B. Mazidian, J. Quintanilla, J. F.
Annett, D. McK. Paul, G. Balakrishnan, and M. R. Lees,
Phys. Rev. Lett. 112, 107002 (2014).

[14] K. Matano, R. Yatagai, S. Maeda, and G.-q. Zheng, Phys. Rev.
B 94, 214513 (2016).

[15] S. Harada, J. J. Zhou, Y. G. Yao, Y. Inada, and G.-q. Zheng,
Phys. Rev. B 86, 220502(R) (2012).

[16] M. Sato and S. Fujimoto, Phys. Rev. B 79, 094504 (2009).

[17] Y. Tanaka, Y. Mizuno, T. Yokoyama, K. Yada, and M. Sato,
Phys. Rev. Lett. 105, 097002 (2010).

[18] L. Fu and C. L. Kane, Phys. Rev. Lett. 100, 096407 (2008).

[19] L. Fu and E. Berg, Phys. Rev. Lett. 105, 097001 (2010).

[20] K. Matano, M. Kriener, K. Segawa, Y. Ando, and G.-q. Zheng,
Nat. Phys. 12, 852 (2016).

[21] Y.Liand F. D. M. Haldane, Phys. Rev. Lett. 120, 067003 (2018).

[22] S. Kobayashi and M. Sato, Phys. Rev. Lett. 115, 187001 (2015).

[23] M. Sato, Y. Tanaka, K. Yada, and T. Yokoyama, Phys. Rev. B
83, 224511 (2011).

[24] S. Chadov, X. Qi, J. Kiibler, G. H. Fecher, C. Felser, and S. C.
Zhang, Nat. Mater. 9, 541 (2010).

[25] D. Xiao, Y. Yao, W. Feng, J. Wen, W. Zhu, X.-Q. Chen, G. M.
Stocks, and Z. Zhang, Phys. Rev. Lett. 105, 096404 (2010).

[26] Z. Sun, M. Enayat, A. Maldonado, C. Lithgow, E. Yelland, D. C.
Peets, A. Yaresko, A. P. Schnyder, and P. Wahl, Nat. Commun.
6, 6633 (2015).

[27] K. Matano, S. Maeda, H. Sawaoka, Y. Muro, T. Takabatake, B.
Joshi, S. Ramakrishnan, K. Kawashima, J. Akimitsu, and G.-q.
Zheng, J. Phys. Soc. Jpn. 82, 084711 (2013).

184510-4


https://doi.org/10.1103/PhysRevLett.87.037004
https://doi.org/10.1103/PhysRevLett.87.037004
https://doi.org/10.1103/PhysRevLett.87.037004
https://doi.org/10.1103/PhysRevLett.87.037004
https://doi.org/10.1103/PhysRevLett.92.097001
https://doi.org/10.1103/PhysRevLett.92.097001
https://doi.org/10.1103/PhysRevLett.92.097001
https://doi.org/10.1103/PhysRevLett.92.097001
https://doi.org/10.1103/PhysRevLett.92.027003
https://doi.org/10.1103/PhysRevLett.92.027003
https://doi.org/10.1103/PhysRevLett.92.027003
https://doi.org/10.1103/PhysRevLett.92.027003
https://doi.org/10.1103/PhysRevLett.100.107003
https://doi.org/10.1103/PhysRevLett.100.107003
https://doi.org/10.1103/PhysRevLett.100.107003
https://doi.org/10.1103/PhysRevLett.100.107003
https://doi.org/10.1103/PhysRevLett.93.247004
https://doi.org/10.1103/PhysRevLett.93.247004
https://doi.org/10.1103/PhysRevLett.93.247004
https://doi.org/10.1103/PhysRevLett.93.247004
https://doi.org/10.1103/PhysRevB.71.220505
https://doi.org/10.1103/PhysRevB.71.220505
https://doi.org/10.1103/PhysRevB.71.220505
https://doi.org/10.1103/PhysRevB.71.220505
https://doi.org/10.1143/JPSJ.74.1014
https://doi.org/10.1143/JPSJ.74.1014
https://doi.org/10.1143/JPSJ.74.1014
https://doi.org/10.1143/JPSJ.74.1014
https://doi.org/10.1103/PhysRevLett.98.047002
https://doi.org/10.1103/PhysRevLett.98.047002
https://doi.org/10.1103/PhysRevLett.98.047002
https://doi.org/10.1103/PhysRevLett.98.047002
https://doi.org/10.1103/PhysRevLett.97.017006
https://doi.org/10.1103/PhysRevLett.97.017006
https://doi.org/10.1103/PhysRevLett.97.017006
https://doi.org/10.1103/PhysRevLett.97.017006
https://doi.org/10.1103/PhysRevB.74.220502
https://doi.org/10.1103/PhysRevB.74.220502
https://doi.org/10.1103/PhysRevB.74.220502
https://doi.org/10.1103/PhysRevB.74.220502
https://doi.org/10.1103/PhysRevB.80.060503
https://doi.org/10.1103/PhysRevB.80.060503
https://doi.org/10.1103/PhysRevB.80.060503
https://doi.org/10.1103/PhysRevB.80.060503
https://doi.org/10.1103/PhysRevB.82.064511
https://doi.org/10.1103/PhysRevB.82.064511
https://doi.org/10.1103/PhysRevB.82.064511
https://doi.org/10.1103/PhysRevB.82.064511
https://doi.org/10.1103/PhysRevLett.112.107002
https://doi.org/10.1103/PhysRevLett.112.107002
https://doi.org/10.1103/PhysRevLett.112.107002
https://doi.org/10.1103/PhysRevLett.112.107002
https://doi.org/10.1103/PhysRevB.94.214513
https://doi.org/10.1103/PhysRevB.94.214513
https://doi.org/10.1103/PhysRevB.94.214513
https://doi.org/10.1103/PhysRevB.94.214513
https://doi.org/10.1103/PhysRevB.86.220502
https://doi.org/10.1103/PhysRevB.86.220502
https://doi.org/10.1103/PhysRevB.86.220502
https://doi.org/10.1103/PhysRevB.86.220502
https://doi.org/10.1103/PhysRevB.79.094504
https://doi.org/10.1103/PhysRevB.79.094504
https://doi.org/10.1103/PhysRevB.79.094504
https://doi.org/10.1103/PhysRevB.79.094504
https://doi.org/10.1103/PhysRevLett.105.097002
https://doi.org/10.1103/PhysRevLett.105.097002
https://doi.org/10.1103/PhysRevLett.105.097002
https://doi.org/10.1103/PhysRevLett.105.097002
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.100.096407
https://doi.org/10.1103/PhysRevLett.105.097001
https://doi.org/10.1103/PhysRevLett.105.097001
https://doi.org/10.1103/PhysRevLett.105.097001
https://doi.org/10.1103/PhysRevLett.105.097001
https://doi.org/10.1038/nphys3781
https://doi.org/10.1038/nphys3781
https://doi.org/10.1038/nphys3781
https://doi.org/10.1038/nphys3781
https://doi.org/10.1103/PhysRevLett.120.067003
https://doi.org/10.1103/PhysRevLett.120.067003
https://doi.org/10.1103/PhysRevLett.120.067003
https://doi.org/10.1103/PhysRevLett.120.067003
https://doi.org/10.1103/PhysRevLett.115.187001
https://doi.org/10.1103/PhysRevLett.115.187001
https://doi.org/10.1103/PhysRevLett.115.187001
https://doi.org/10.1103/PhysRevLett.115.187001
https://doi.org/10.1103/PhysRevB.83.224511
https://doi.org/10.1103/PhysRevB.83.224511
https://doi.org/10.1103/PhysRevB.83.224511
https://doi.org/10.1103/PhysRevB.83.224511
https://doi.org/10.1038/nmat2770
https://doi.org/10.1038/nmat2770
https://doi.org/10.1038/nmat2770
https://doi.org/10.1038/nmat2770
https://doi.org/10.1103/PhysRevLett.105.096404
https://doi.org/10.1103/PhysRevLett.105.096404
https://doi.org/10.1103/PhysRevLett.105.096404
https://doi.org/10.1103/PhysRevLett.105.096404
https://doi.org/10.1038/ncomms7633
https://doi.org/10.1038/ncomms7633
https://doi.org/10.1038/ncomms7633
https://doi.org/10.1038/ncomms7633
https://doi.org/10.7566/JPSJ.82.084711
https://doi.org/10.7566/JPSJ.82.084711
https://doi.org/10.7566/JPSJ.82.084711
https://doi.org/10.7566/JPSJ.82.084711

FULLY GAPPED SPIN-SINGLET SUPERCONDUCTIVITY ...

PHYSICAL REVIEW B 97, 184510 (2018)

[28] R. Eppinga and G. Wiegers, Physica B+C 99, 121 (1980).

[29] R. Eppinga, G. A. Wiegers, and C. Haas, Physica B4+-C 105, 174
(1981).

[30] M. N. Ali, Q. D. Gibson, T. Klimczuk, and R. J. Cava,
Phys. Rev. B 89, 020505 (2014).

[31] G. Bian, T.-R. Chang, R. Sankar, S.-Y. Xu, H. Zheng, T.
Neupert, C.-K. Chiu, S.-M. Huang, G. Chang, 1. Belopolski,
D. S. Sanchez, M. Neupane, N. Alidoust, C. Liu, B. Wang,
C.-C. Lee, H.-T. Jeng, C. Zhang, Z. Yuan, S. Jia, A. Bansil,
F. Chou, H. Lin, and M. Z. Hasan, Nat. Commun. 7, 10556
(2016).

[32] Y.-J. Long, L.-X. Zhao, P.-P. Wang, H.-X. Yang, J.-Q. Li, H. Zi,
Z.-A.Ren, C. Ren, and G.-F. Chen, Chin. Phys. Lett. 33, 037401
(2016).

[33] G. M. Pang, M. Smidman, L. X. Zhao, Y. F. Wang, Z. F. Weng,
L. Q. Che, Y. Chen, X. Lu, G. E. Chen, and H. Q. Yuan,
Phys. Rev. B 93, 060506(R) (2016).

[34] C.-L.Zhang, Z. Yuan, G. Bian, S.-Y. Xu, X. Zhang, M. Z. Hasan,
and S. Jia, Phys. Rev. B 93, 054520 (2016).

[35] N. R. Werthamer, E. Helfand, and P. C. Hohenberg, Phys. Rev.
147, 295 (1966).

[36] L. C. Hebel, Phys. Rev. 116, 79 (1959).

[37] D. E. MacLaughlin, in Magnetic Resonance in the Supercon-
ducting State, edited by F. S. Henry Ehrenreich and D. Turnbull,

Solid State Physics (Academic Press, New York, 1976), Vol. 31,
pp. 1-69.

[38] K. Matano, Z. Li, G. L. Sun, D. L. Sun, C. T. Lin, M. Ichioka,
and G.-q. Zheng, Europhys. Lett. 87, 27012 (2009).

[39] Z. Li, W. H. Jiao, G. H. Cao, and G.-q. Zheng, Phys. Rev. B 94,
174511 (2016).

[40] Y. Kitaoka, S. Ohsugi, K. Asayama, and T. Ohtani, Physica C
192, 272 (1992).

[41] J. Luo, J. Yang, S. Maeda, Z. Li, and G.-q. Zheng, Chin. Phys.
B 27, 077401 (2018).

[42] M. X. Wang, Y. Xu, L. P. He, J. Zhang, X. C. Hong, P. L. Cai,
Z.B.Wang,J. K. Dong, and S. Y. Li, Phys. Rev. B 93, 020503(R)
(2016).

[43] G.-q. Zheng, H. Ozaki, Y. Kitaoka, P. Kuhns, A. P. Reyes, and
W. G. Moulton, Phys. Rev. Lett. 88, 077003 (2002).

[44] E. H. Brandt, Phys. Rev. B 37, 2349(R) (1988).

[45] J. P. Turneaure, J. Halbritter, and H. A. Schwettman,
J. Superconduct. 4, 341 (1991).

[46] M. N. Wilson, A. M. Hallas, Y. Cai, S. Guo, Z. Gong, R. Sankar,
F. C. Chou, Y. J. Uemura, and G. M. Luke, Phys. Rev. B 95,
224506 (2017).

[47] P. G. de Gennes, Superconductivity of Metals and Alloys
(Westview Press, Oxford, 1999).

[48] R. A. Ferrell, Phys. Rev. Lett. 3, 262 (1959).

184510-5


https://doi.org/10.1016/0378-4363(80)90219-3
https://doi.org/10.1016/0378-4363(80)90219-3
https://doi.org/10.1016/0378-4363(80)90219-3
https://doi.org/10.1016/0378-4363(80)90219-3
https://doi.org/10.1016/0378-4363(81)90240-0
https://doi.org/10.1016/0378-4363(81)90240-0
https://doi.org/10.1016/0378-4363(81)90240-0
https://doi.org/10.1016/0378-4363(81)90240-0
https://doi.org/10.1103/PhysRevB.89.020505
https://doi.org/10.1103/PhysRevB.89.020505
https://doi.org/10.1103/PhysRevB.89.020505
https://doi.org/10.1103/PhysRevB.89.020505
https://doi.org/10.1038/ncomms10556
https://doi.org/10.1038/ncomms10556
https://doi.org/10.1038/ncomms10556
https://doi.org/10.1038/ncomms10556
https://doi.org/10.1088/0256-307X/33/3/037401
https://doi.org/10.1088/0256-307X/33/3/037401
https://doi.org/10.1088/0256-307X/33/3/037401
https://doi.org/10.1088/0256-307X/33/3/037401
https://doi.org/10.1103/PhysRevB.93.060506
https://doi.org/10.1103/PhysRevB.93.060506
https://doi.org/10.1103/PhysRevB.93.060506
https://doi.org/10.1103/PhysRevB.93.060506
https://doi.org/10.1103/PhysRevB.93.054520
https://doi.org/10.1103/PhysRevB.93.054520
https://doi.org/10.1103/PhysRevB.93.054520
https://doi.org/10.1103/PhysRevB.93.054520
https://doi.org/10.1103/PhysRev.147.295
https://doi.org/10.1103/PhysRev.147.295
https://doi.org/10.1103/PhysRev.147.295
https://doi.org/10.1103/PhysRev.147.295
https://doi.org/10.1103/PhysRev.116.79
https://doi.org/10.1103/PhysRev.116.79
https://doi.org/10.1103/PhysRev.116.79
https://doi.org/10.1103/PhysRev.116.79
https://doi.org/10.1209/0295-5075/87/27012
https://doi.org/10.1209/0295-5075/87/27012
https://doi.org/10.1209/0295-5075/87/27012
https://doi.org/10.1209/0295-5075/87/27012
https://doi.org/10.1103/PhysRevB.94.174511
https://doi.org/10.1103/PhysRevB.94.174511
https://doi.org/10.1103/PhysRevB.94.174511
https://doi.org/10.1103/PhysRevB.94.174511
https://doi.org/10.1016/0921-4534(92)90831-V
https://doi.org/10.1016/0921-4534(92)90831-V
https://doi.org/10.1016/0921-4534(92)90831-V
https://doi.org/10.1016/0921-4534(92)90831-V
https://doi.org/10.1103/PhysRevB.93.020503
https://doi.org/10.1103/PhysRevB.93.020503
https://doi.org/10.1103/PhysRevB.93.020503
https://doi.org/10.1103/PhysRevB.93.020503
https://doi.org/10.1103/PhysRevLett.88.077003
https://doi.org/10.1103/PhysRevLett.88.077003
https://doi.org/10.1103/PhysRevLett.88.077003
https://doi.org/10.1103/PhysRevLett.88.077003
https://doi.org/10.1103/PhysRevB.37.2349
https://doi.org/10.1103/PhysRevB.37.2349
https://doi.org/10.1103/PhysRevB.37.2349
https://doi.org/10.1103/PhysRevB.37.2349
https://doi.org/10.1007/BF00618215
https://doi.org/10.1007/BF00618215
https://doi.org/10.1007/BF00618215
https://doi.org/10.1007/BF00618215
https://doi.org/10.1103/PhysRevB.95.224506
https://doi.org/10.1103/PhysRevB.95.224506
https://doi.org/10.1103/PhysRevB.95.224506
https://doi.org/10.1103/PhysRevB.95.224506
https://doi.org/10.1103/PhysRevLett.3.262
https://doi.org/10.1103/PhysRevLett.3.262
https://doi.org/10.1103/PhysRevLett.3.262
https://doi.org/10.1103/PhysRevLett.3.262



