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Multigap nodeless superconductivity in CsCa,Fe;As4F, probed by heat transport
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Recently, a new family of iron-based superconductors called 12442 was discovered and the muon spin
relaxation (uSR) measurements on KCa,Fe4As,F, and CsCa,Fe,As,F; polycrystals, two members of the family,
indicated that both have a nodal superconducting gap structure with s + d pairing symmetry. Here we report the
ultralow-temperature thermal conductivity measurements on CsCa,Fe,As,F, single crystals (7. = 29.3 K). A
negligible residual linear term «o/ 7 in zero field and the field dependence of ky/ T suggest multiple nodeless
superconducting gaps in CsCa,FesAs,F,. This gap structure is similar to CaKFe,As,; and moderately doped
Ba,_,K,Fe,As, but contrasts to the nodal gap structure indicated by the SR measurements on CsCa,Fe,As,F,

polycrystals.
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Since the discovery of superconductivity in layered iron
arsenide La(O;_,F,)FeAs [1], many iron-based superconduc-
tors have come to the fore [2-8]. Up to now, iron-based
superconductors have already developed into a diverse group
of different structural families [9], such as the so-called 1111,
122, 111, and 11 families [1-4]. Meanwhile, great efforts have
also been made to understand their various unconventional
superconducting properties, especially their superconducting
gap structures and pairing symmetry [9,10].

Of particular interest is the 122 family, in which the parent
compound AeFe,;As; (Ae = Ba, Ca, Sr) can be turned into a
superconductor through either hole or electron doping [2,11].
For the typical hole-doped Ba,_,K,Fe;As, with x < 0.55,
multiple full superconducting gaps have been demonstrated
by many experimental studies [12—19]. In contrast, the ex-
tremely hole-doped KFe,As, (x = 1) displays a clear nodal
superconducting gap [20-23]. Such a change of the gap
structure is attributed to the evolution of Fermi surface with K
doping [24], which has been revealed by angle-resolved pho-
toemission spectroscopy (ARPES) measurements [25]. While
the multiple nodeless gaps in the moderately doped regime
of Ba;_,K,Fe,As; are consistent with the s.-wave pairing
[16,19,24], it is still under debate whether the nodal gap in the
heavily overdoped regime represents a fundamental change
of the pairing symmetry. Some suggested that further doping
causes the pairing symmetry to change into the d-wave pairing
[22-24], however others argued accidental gap nodes in heav-
ily overdoped Ba;_,K,Fe;As; [26,27]. Note that RbFe,As;
and CsFe,As, also inherit the nodal superconducting gap
structure of KFe,As, [28,29].

In order to avoid the substitutional disorder in
Ba;_,K,Fe,As,, stoichiometric CaKFesAs; (1144) was
first synthesized in 2016 [7]. Unlike the random occupation
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of Ba>™ and K* ions in Ba;_,K,Fe;As,, the Ca’* and
K* ions in CaKFeyAs, form alternating planes along the
crystallographic ¢ axis, separated by FeAs layers [7]. Soon
afterwards, a variety of studies revealed the multiple nodeless
superconducting gaps and si-wave pairing symmetry of
CaKFe Asy [30-36], pretty like the moderately doped
Ba;_,K,Fe;As,.

Recently, a new family of iron-based superconductor called
12442 was designed by replacement of the Ca layers in
ACaFe4Ass (A = K, Rb, Cs) with Ca,F, layers and synthe-
sized successfully [8,37]. A series of ©SR measurements on
the polycrystalline 12442 compounds suggested the presence
of line nodes in the superconducting gaps of KCa,FesAs4F;
and CsCa,Fe4sAssF, [38,39]. Since the replacement of Ca
layers by Ca,F, layers does not introduce additional carriers,
the 12442 compounds should have the same doping level as
in 1144 compounds [8]. Thus, the nodal superconducting gap
structure of 12442 compounds evidenced by SR measure-
ments is very striking, which motivates us to investigate their
gap structure by measuring the ultralow-temperature thermal
conductivity of 12442 single crystals.

In this Rapid Communication, we grew and characterized
CsCajFe4AsyF; single crystals, then measured their ultralow-
temperature thermal conductivity. A negligible residual linear
term «o/T in zero field is confirmed by two samples and
a slow field dependence of ko/T at low field is also ob-
served. These results suggest that CsCa,FesAssF, has mul-
tiple nodeless superconducting gaps, just as CaKFesAs, and
Bag.75Ko.2sFea Ass.

High-quality platelike single crystals of CsCa,Fe4As F;
were grown from CsAs flux [40]. The x-ray diffraction (XRD)
measurement was performed by an x-ray diffractometer (D8
Advance, Bruker). The DC magnetization measurement was
performed down to 1.8 K using a magnetic property measure-
ment system (MPMS, Quantum Design). The specific heat
was measured in a physical property measurement system
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FIG. 1. (a) Crystal structure of CsCa,Fe,As,F,. The Cs, As, Fe,
Ca, and F atoms are presented as blue, orange, red, magenta, and
green balls, respectively. (b) Room-temperature XRD pattern from
the large natural surface of the CsCa,Fe,As,F, single crystal. Only
(00/) Bragg peaks were found. Inset: A photo of the CsCa,Fe,As,F,
single crystal.

(PPMS, Quantum Design) via the relaxation method. Two
samples, labeled as A and B, were cut to a rectangular shape
with dimensions of ~2 x 1 mm? in the ab plane and a
thickness of 50 um along the ¢ axis for the transport mea-
surements. The in-plane resistivity was measured from 273
to 1.5 K in a *He cryostat. The in-plane thermal conductivity
was measured in a dilution refrigerator by using a standard
four-wire steady-state method with two RuO, chip thermome-
ters, calibrated in sifu against a reference RuO, thermometer.
Magnetic fields were applied perpendicular to the ab plane.

Figure 1(a) displays the crystal structure of
CsCa,Fe4 As F,, whose FeyAs, layers are surrounded by
Cs atoms on one side and Ca,F, layers on the other, leading
to two distinct As sites above and below the Fe plane, similar
to CaKFesAss. The largest natural surface of the as-grown
single crystals was determined as (001) plane by XRD, as
illustrated in Fig. 1(b).

Figure 2(a) shows the in-plane resistivity for two
CsCa,Fe4AsyF, single crystals labeled as sample A and sam-
ple B down to 1.5 K in zero field. The two samples both
exhibit metallic behavior without any phase transition until
the sharp superconducting transition occurs. The T.s of both
samples are identical, 29.3 K defined by p = 0. Previously,
the polycrystalline CsCa,FesAssF, exhibits similar metallic
behavior with a lower 7, =28.2 K [37]. In the inset of
Fig. 2(a), the p(T) of sample B between 32 K and 45 K
in the normal state can be described by Fermi liquid behav-
ior p = pgp+ AT?, and the fit gives the residual resistivity
po = 19.2 £2 cm. Thus the residual resistivity ratio RRR =
p(273 K)/ po is 35.4, indicating the high quality of our single
crystals.

Temperature dependence of the magnetic susceptibility
from 2 to 50 K at 50 Oe in both zero-field and field cooling
modes is plotted in Fig. 2(b). The diamagnetic transition
occurs at 29.2 K, which is consistent with the resistivity mea-
surement. Clear specific heat anomaly can also be seen at the
superconducting transition of CsCa,FesAs4F, single crystal,
as displayed in Fig. 2(c). This behavior of the specific heat
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FIG. 2. (a) Temperature dependence of in-plane resistivity for
two CsCa,FesAssF, single crystals (labeled as sample A and sample
B, respectively) in zero field. The two samples share the same critical
temperature 7, = 29.3 K, defined by p = 0. Inset: same data of
sample B plotted as a function of 72. The solid line is a fit to
0 = py + AT? between 32 K and 45 K, giving the residual resistivity
po = 19.2 nQ2 cm. (b) DC magnetization of CsCa,Fe,As,F, single
crystal at H = 50 Oe along the ¢ axis, with zero-field and field
cooling modes, respectively. The diamagnetic transition occurs at
29.2 K in both modes. (c) Temperature dependence of specific heat
divided by temperature C/T for the CsCa,FesAs4F, single crystal
in zero field. Specific heat anomaly due to the superconducting
transition is observed at 30.2 K.
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FIG. 3. (a) Low-temperature resistivity of CsCa,Fe,As,F, sam-
ple B in magnetic fields up to 13 T. (b) Temperature dependence
of the upper critical field H,(T). For comparison, similar data
of BagssKg4sFe,As, and CaKFeyAsy are also shown and fitted
to Ginzburg-Landau equation H.(T) = H,(0)[1 — (T/T.)*1/[1 +
(T/T,.)*] and empirical formula H,,(T) = H.,(0)[1 — (T/T.)*], re-
spectively [30,42,43]. The data of LaFeAsOgg9Fy 1 [44] and our
CsCa,FesAsyF, show a concave tendency. The dashed line is a guide
to the eye, from which we roughly estimate poH,(0) ~ 50 T for
CSC32F64AS4F2.

is very similar to those of CaKFesAss and Bag Ko 4Fe,As;
[30,41]. Both susceptibility and specific heat results demon-
strate the bulk superconductivity in our single crystals.

To determine the upper critical field H:(0) of
CsCaFeqAssF,, we measured the resistivity of sample
B below 36 K in various magnetic fields up to 13 T, as shown
in Fig. 3(a). The H.»(T) obtained from Fig. 3(a) is plotted
in Fig. 3(b), compared with the H.(T)s of CaKFesAsy,
Ba0_55K0_45Fe2A52, and LaFCASOQ_ggFo_H [30,42,44]. Note
that the H,(T) of LaFeAsOggoFo 11 is defined by p =
10%py [44], while the others are defined by p = 0 [30,42].
The significant broadening of the superconducting transition
in field and the concave H.,(T) are attributed to the strong

two-dimensionality of CsCa;Fe4As4F; [40]. Here we roughly
estimate 1o H(0) ~ 50 T for CsCa,FeqAssF;, following the
trend of the high-field data of LaFeAsOq s9Fy.1;. Note that a
slightly different H,.,(0) does not affect our discussion on the
field dependence of «y/ T below.

The ultralow-temperature thermal conductivity measure-
ment is a bulk technique to probe the superconducting gap
structure [45]. Figure 4(a) presents the in-plane thermal con-
ductivity of the two CsCa,FesAs4F, single crystals in zero
field, plotted as «/T vs T. The thermal conductivity at very
low temperature usually can be fitted to /T = a + bT*~!,
where the two terms aT and bT* represent contributions from
electrons and phonons, respectively. For both samples, the
fitting parameter « in zero and magnetic fields is very close
to 3 (e.g., in zero field o« = 3.07 £ 0.05 for sample A and
3.06 =+ 0.04 for sample B), so we fix it to 3. In order to obtain
the residual linear term «,/7 contributed by electrons, we
extrapolate /T to T = 0.

In Fig. 4(a), the fitto k/T = a + bT? below 0.6 K gives
the residual linear terms (ko/7T)s = —7 £2 uW K2 cm™!
and (ko/T)p =7 £ 1 uW K2 cm™! for sample A and B, re-
spectively. The Wiedemann-Franz law can tell us the normal-
state expectation «yo/T = Lo/ po, where the Lorenz number
Lo is 2.45 x 1078 W Q K~2. Here we take sample B for
example and obtain kyo/7 = 1.28 mW K2 cm™! with Po =
19.2 u2 cm. Considering this large value of kyo/T and our
experimental uncertainty 5 uW K=2 cm™!, the (ko/T)a
and (ko/T)p in zero field are negligible. Generally, since all
electrons form Cooper pairs and no fermionic quasiparticles
conduct heat as T — 0, there is no residual linear term «o/ T
in zero field for nodeless superconductors, as seen in the
conventional s-wave superconductors Nb and InBi [46,47].
However, for nodal superconductors, the nodal quasiparticles
will still contribute a finite «o/ T in zero field. For example, the
ko/ T in zero field of the overdoped d-wave cuprate supercon-
ductor Tl,BayCuOg,s (T1-2201) is 1.41 mW K2 cm™! [48],
and ko/T is 17 mW K~2 cm™! in zero field for the p-wave
superconductor Srp,RuQy [49]. Therefore, the negligible xo/ T
of CsCaFe AsyF, single crystal in zero field gives strong
evidence for a fully-gapped superconducting state.

The field dependence of xo/ T can provide more informa-
tion on the superconducting gap structure [45]. The thermal
conductivity in magnetic fields for sample B is shown in
Fig. 4(b), which is also fitted to k /T = a + bT? below 0.6 K.
The ko(H)/ T obtained in Fig. 4(b) is normalized to kyo/T
and plotted as a function of H/H., in Fig. 4(c) with the
similar data of a clean s-wave superconductor Nb [46], a
dirty s-wave superconducting alloy InBi [47], a multiband
s-wave superconductor NbSe, [50], an overdoped d-wave
cuprate superconductor T1-2201 [48], and a moderately doped
Bag 75K 25FeyAs, [18].

In Fig. 4(c), ko/ T of the typical d-wave superconductor
TI-2201 starts with a finite value and shows a roughly ~/H
in low fields due to the Volovik effect [48]. By contrast, in
single-gap s-wave superconductors like clean Nb and dirty
InBi, ko/T is zero at H = 0 and rises rather slowly in low
fields as it relies on the tunneling of quasiparticles between
localized states inside adjacent vortex cores. Field dependence
of ko/ T of multigap s-wave superconductors like NbSe, and
Bag 75Kp2sFe,As, falls in between. A negligible xo/T at
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FIG. 4. (a) Temperature dependence of thermal conductivity
for two CsCa,FesAs,F, single-crystalline samples (the same as
that for resistivity measurements) in zero field. The solid curves
represent a fit to k/T = a + bT? below 0.6 K, giving the resid-
ual terms (ko/T)s = —7 £2uW K2 cm™ and (ko/T)p =7+
1 uW K2 cm™!, respectively. (b) Low-temperature in-plane thermal
conductivity of sample B in zero and magnetic fields applied along
the ¢ axis, plotted as « /T vs T?. The residual terms given by linear
fit below 0.6 K are reproduced in (c). (¢c) Normalized residual linear
term «o/ 7T in (b) as a function of H/H,,. For comparison, similar
data are shown for a clean s-wave superconductor Nb [46], a dirty
s-wave superconducting alloy InBi [47], a multiband s-wave super-
conductor NbSe, [50], an overdoped d-wave cuprate superconductor
T1-2201 [48], and a moderately doped iron-arsenide superconductor
Bay 75Ko.25FesAs, [18].

zero field and a rapid rise in low fields can be attributed
to the fast suppression of the smaller gap by the applied
field [50]. Because of the lack of the thermal conductiv-
ity data of 1144 superconductors, we take the moderately
doped 122 superconductor Bag 75K¢ »25Fe; As, for comparison.
From Fig. 4(c), one can see that the normalized xo(H)/T of
Bag 75Kp 25Fe,As, and CsCa,FesAssF, manifests very simi-
lar behavior, which suggests a multigap nodeless supercon-
ducting state in CsCa,FesAs4F,. The discrepancy between
previous uSR measurements on CsCa,Fe4As4F, polycrystal
in Ref. [39] and our current work may come from the minor
impure phase of CsFe;As, in the polycrystal, which is known
as a nodal superconductor [28].

For multigap superconductors, the field dependence of
ko/T depends on the ratio between the large and small
gaps [50], therefore we examine the magnitudes of the gaps
for CsCa,FesAssF, and Bag75Kgo5Fe;Asy. According to
the charge homogenization, the 12442 and 1144 compounds
should have similar doping level and Fermi surface topol-
ogy to moderately doped Ba;_,K,Fe;As; [8,30]. Previously,
ARPES measurements on CaKFe4sAs, single crystals ob-
served three hole pockets («, B, and y) and one electron
pocket (8) [31]. The superconducting gaps are nearly isotropic
on each Fermi surface sheet but have different magnitudes.
The larger gaps of 13 and 12 meV were obtained for the g
hole and § electron sheets, while the « and y hole sheets
have smaller magnitudes of 10.5 and 8 meV, respectively
[31]. The ratio between the large and small gaps is roughly
1.6. For moderately doped Ba;_,K,Fe;As;, taken x = 0.4
for example, a large superconducting gap (~ 12 meV) on one
holelike (o) and one electronlike (y) Fermi surface sheet,
and a small gap (~ 6 meV) on another holelike sheet (B)
[12]. The ratio between the large and small gaps is about 2.
If CsCa,Fe4AsyF, has similar superconducting gap structure
and magnitudes to CaKFe4Asy, the above comparable gap
ratio well explains the similar field dependence of «ko/T
between Bag 75K 25Fe; As, and CsCa,Fey AssF,. We note that
a more recent uSR measurement on RbCa,FesAssF, poly-
crystal suggested that an s + s-wave model explains better
the temperature dependence of the superfluid density than an
s + d-wave model [51]. However, their ratio between the large
and small gaps (8.15/0.88 = 9.3) is much bigger than that
of CaKFe4As4, which cannot explain the field dependence of
ko/ T for our CsCa,FesAs4F, single crystal.

In summary, we measure the ultralow-temperature thermal
conductivity of CsCa,FesAs F, single crystals to investigate
its superconducting gap structure. A negligible residual lin-
ear term o/ 7T in zero field and the field dependence of
ko/ T mimic those of Bag75Kp2sFeyAs,, suggesting multi-
gap nodeless superconductivity in CsCa,FesAsyF,. These re-
sults demonstrate that 12442 compounds, just as CaKFe4Asy,
should have similar doping level and the superconducting gap
structure to moderately doped Ba;_,K,Fe;As,, according to
the charge homogenization.

We thank M. X. Wang and J. Zhang for helpful discus-
sions. This work is supported by the Ministry of Science
and Technology of China (Grants No. 2016YFA0300503 and
2015CB921401), the Natural Science Foundation of China
(Grant No. 11421404), and the NSAF (Grant No. U1630248).

020502-4



MULTIGAP NODELESS SUPERCONDUCTIVITY IN CsCa ...

PHYSICAL REVIEW B 99, 020502(R) (2019)

[1] Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono, J. Am.
Chem. Soc. 130, 3296 (2008).

[2] M. Rotter, M. Tegel, and D. Johrendt, Phys. Rev. Lett. 101,
107006 (2008).

[3] X. C. Wang, Q. Q. Liu, Y. X. Lv, W. B. Gao, L. X. Yang,
R.C. Yu, F Y. Li, and C. Q. Jin, Solid State Commun. 148,
538 (2008).

[4] E.-C. Hsu, J.-Y. Luo, K.-W. Yeh, T.-K. Chen, T.-W. Huang, P. M.
Wu, Y.-C. Lee, Y.-L. Huang, Y.-Y. Chu, D.-C. Yan, and M.-K.
‘Wau, Proc. Natl. Acad. Sci. 105, 14262 (2008).

[5] H. Ogino, Y. Matsumura, Y. Katsura, K. Ushiyama, S. Horii,
K. Kishio, and J.-I. Shimoyama, Supercond. Sci. Technol. 22,
075008 (2009).

[6] X. Zhu, F. Han, G. Mu, P. Cheng, B. Shen, B. Zeng, and H.-H.
Wen, Phys. Rev. B 79, 220512(R) (2009).

[7] A. Iyo, K. Kawashima, T. Kinjo, T. Nishio, S. Ishida, H.
Fujihisa, Y. Gotoh, K. Kihou, H. Eisaki, and Y. Yoshida, J. Am.
Chem. Soc. 138, 3410 (2016).

[8] Z.-C. Wang, C.-Y. He, S.-Q. Wu, Z.-T. Tang, Y. Liu, A. Ablimit,
C.-M. Feng, and G.-H. Cao, J. Am. Chem. Soc. 138, 7856
(2016).

[9] G. R. Stewart, Rev. Mod. Phys. 83, 1589 (2011).

[10] X. H. Chen, P. C. Dai, D. L. Feng, T. Xiang, and F. C. Zhang,
Natl. Sci. Rev. 1, 371 (2014).

[11] P. C. Canfield and S. L. Bud’ko, Annu. Rev. Condens. Matter
Phys. 1, 27 (2010).

[12] H. Ding, P. Richard, K. Nakayama, K. Sugawara, T. Arakane,
Y. Sekiba, A. Takayama, S. Souma, T. Sato, T. Takahashi, Z.
Wang, X. Dai, Z. Fang, G. F. Chen, J. L. Luo, and N. L. Wang,
Europhys. Lett. 83, 47001 (2008).

[13] D. V. Evtushinsky, D. S. Inosov, V. B. Zabolotnyy, A. Koitzsch,
M. Knupfer, B. Biichner, M. S. Viazovska, G. L. Sun, V.
Hinkov, A. V. Boris, C. T. Lin, B. Keimer, A. Varykhalov, A. A.
Kordyuk, and S. V. Borisenko, Phys. Rev. B 79, 054517 (2009).

[14] K. Hashimoto, T. Shibauchi, S. Kasahara, K. Ikada, S. Tone-
gawa, T. Kato, R. Okazaki, C. J. van der Beek, M. Kon-
czykowski, H. Takeya, K. Hirata, T. Terashima, and Y. Matsuda,
Phys. Rev. Lett. 102, 207001 (2009).

[15] R. Khasanov, D. V. Evtushinsky, A. Amato, H.-H. Klauss, H.
Luetkens, C. Niedermayer, B. Biichner, G. L. Sun, C. T. Lin,
J. T. Park, D. S. Inosov, and V. Hinkov, Phys. Rev. Lett. 102,
187005 (2009).

[16] M. Yashima, H. Nishimura, H. Mukuda, Y. Kitaoka, K.
Miyazawa, P. M. Shirage, K. Kihou, H. Kito, H. Eisaki, and
A. Iyo, J. Phys. Soc. Jpn. 78, 103702 (2009).

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

[18] X. G. Luo, M. A. Tanatar, J.-P. Reid, H. Shakeripour, N. Doiron-
Leyraud, N. Ni, S. L. Bud’ko, P. C. Canfield, H. Luo, Z. Wang,
H.-H. Wen, R. Prozorov, and L. Taillefer, Phys. Rev. B 80,
140503(R) (2009).

[19] P. Szabd, Z. Pribulova, G. Pristas, S. L. Bud’ko, P. C. Canfield,
and P. Samuely, Phys. Rev. B 79, 012503 (2009).

[20] H. Fukazawa, Y. Yamada, K. Kondo, T. Saito, Y. Kohori, K.
Kuga, Y. Matsumoto, S. Nakatsuji, H. Kito, P. M. Shirage, K.
Kihou, N. Takeshita, C.-H. Lee, A. Iyo, and H. Eisaki, J. Phys.
Soc. Jpn. 78, 083712 (2009).

[21] J. K. Dong, S. Y. Zhou, T. Y. Guan, H. Zhang, Y. F. Dai, X. Qiu,
X. F. Wang, Y. He, X. H. Chen, and S. Y. Li, Phys. Rev. Lett.
104, 087005 (2010).

[22] K. Hashimoto, A. Serafin, S. Tonegawa, R. Katsumata, R.
Okazaki, T. Saito, H. Fukazawa, Y. Kohori, K. Kihou, C. H.
Lee, A. Iyo, H. Eisaki, H. Ikeda, Y. Matsuda, A. Carrington,
and T. Shibauchi, Phys. Rev. B 82, 014526 (2010).

[23] J.-P. Reid, M. A. Tanatar, A. Juneau-Fecteau, R. T. Gordon, S.
R. de Cotret, N. Doiron-Leyraud, T. Saito, H. Fukazawa, Y.
Kohori, K. Kihou, C. H. Lee, A. Iyo, H. Eisaki, R. Prozorov,
and L. Taillefer, Phys. Rev. Lett. 109, 087001 (2012).

[24] R. Thomale, C. Platt, W. Hanke, J. Hu, and B. A. Bernevig,
Phys. Rev. Lett. 107, 117001 (2011).

[25] T. Yoshida, I. Nishi, A. Fujimori, M. Yi, R. Moore, D.-H. Lu,
Z.-X. Shen, K. Kihou, P. M. Shirage, H. Kito, C. Lee, A. Iyo, H.
Eisaki, and H. Harima, J. Phys. Chem. Solids 72, 465 (2011).

[26] K. Okazaki, Y. Ota, Y. Kotani, W. Malaeb, Y. Ishida, T. Shimo-
jima, T. Kiss, S. Watanabe, C.-T. Chen, K. Kihou, C. H. Lee, A.
Iyo, H. Eisaki, T. Saito, H. Fukazawa, Y. Kohori, K. Hashimoto,
T. Shibauchi, Y. Matsuda, H. Ikeda, H. Miyahara, R. Arita, A.
Chainani, and S. Shin, Science 337, 1314 (2012).

[27] X. C. Hong, A. F. Wang, Z. Zhang, J. PAN, L. P. He, X. G. Luo,
X. H. Chen, and S. Y. Li, Chin. Phys. Lett. 32, 127403 (2005).

[28] X. C. Hong, X. L. Li, B. Y. Pan, L. P. He, A. F. Wang, X. G.
Luo, X. H. Chen, and S. Y. Li, Phys. Rev. B 87, 144502 (2013).

[29] Z. Zhang, A. FE. Wang, X. C. Hong, J. Zhang, B. Y. Pan, J. Pan,
Y. Xu, X. G. Luo, X. H. Chen, and S. Y. Li, Phys. Rev. B 91,
024502 (2015).

[30] W. R. Meier, T. Kong, U. S. Kaluarachchi, V. Taufour, N. H.
Jo, G. Drachuck, A. E. Bohmer, S. M. Saunders, A. Sapkota,
A. Kreyssig, M. A. Tanatar, R. Prozorov, A. I. Goldman, F. F.
Balakirev, A. Gurevich, S. L. Bud’ko, and P. C. Canfield, Phys.
Rev. B 94, 064501 (2016).

[31] D. Mou, T. Kong, W. R. Meier, F. Lochner, L.-L.. Wang, Q. Lin,
Y. Wu, S. L. Bud’ko, I. Eremin, D. D. Johnson, P. C. Canfield,
and A. Kaminski, Phys. Rev. Lett. 117, 277001 (2016).

[32] J. Cui, Q.-P. Ding, W. R. Meier, A. E. Bohmer, T. Kong, V.
Borisov, Y. Lee, S. L. Bud’ko, R. Valenti, P. C. Canfield, and Y.
Furukawa, Phys. Rev. B 96, 104512 (2017).

[33] P. K. Biswas, A. Iyo, Y. Yoshida, H. Eisaki, K. Kawashima, and
A. D. Hillier, Phys. Rev. B 95, 140505(R) (2017).

[34] K. Cho, A. Fente, S. Teknowijoyo, M. A. Tanatar, K. R. Joshi,
N. M. Nusran, T. Kong, W. R. Meier, U. Kaluarachchi, I.
Guillamén, H. Suderow, S. L. Bud’ko, P. C. Canfield, and R.
Prozorov, Phys. Rev. B 95, 100502(R) (2017).

[35] R. Khasanov, W. R. Meier, Y. Wu, D. Mou, S. L. Bud’ko,
I. Eremin, H. Luetkens, A. Kaminski, P. C. Canfield, and A.
Amato, Phys. Rev. B 97, 140503(R) (2018).

[36] K. Iida, M. Ishikado, Y. Nagai, H. Yoshida, A. D. Christianson,
N. Murai, K. Kawashima, Y. Yoshida, H. Eisaki, and A. Iyo,
J. Phys. Soc. Jpn. 86, 093703 (2017).

[37] Z. C. Wang, C. Y. He, Z. T. Tang, S. Q. Wu, and G. H. Cao, Sci.
China Mater. 60, 83 (2017).

[38] M. Smidman, F. K. K. Kirschner, D. T. Adroja, A. D. Hillier, F.
Lang, Z. C. Wang, G. H. Cao, and S. J. Blundell, Phys. Rev. B
97, 060509(R) (2018).

[39] F. K. K. Kirschner, D. T. Adroja, Z.-C. Wang, F. Lang, M.
Smidman, P. J. Baker, G.-H. Cao, and S. J. Blundell, Phys. Rev.
B 97, 060506(R) (2018).

[40] Z. C. Wang, Y. Liu, S. Q. Wu, Y. T. Shao, Z. Ren, and G. H.
Cao, arXiv:1811.05706.

[41] G.Mu, H. Luo, Z. Wang, L. Shan, C. Ren, and H.-H. Wen, Phys.
Rev. B 79, 174501 (2009).

020502-5


https://doi.org/10.1021/ja800073m
https://doi.org/10.1021/ja800073m
https://doi.org/10.1021/ja800073m
https://doi.org/10.1021/ja800073m
https://doi.org/10.1103/PhysRevLett.101.107006
https://doi.org/10.1103/PhysRevLett.101.107006
https://doi.org/10.1103/PhysRevLett.101.107006
https://doi.org/10.1103/PhysRevLett.101.107006
https://doi.org/10.1016/j.ssc.2008.09.057
https://doi.org/10.1016/j.ssc.2008.09.057
https://doi.org/10.1016/j.ssc.2008.09.057
https://doi.org/10.1016/j.ssc.2008.09.057
https://doi.org/10.1073/pnas.0807325105
https://doi.org/10.1073/pnas.0807325105
https://doi.org/10.1073/pnas.0807325105
https://doi.org/10.1073/pnas.0807325105
https://doi.org/10.1088/0953-2048/22/7/075008
https://doi.org/10.1088/0953-2048/22/7/075008
https://doi.org/10.1088/0953-2048/22/7/075008
https://doi.org/10.1088/0953-2048/22/7/075008
https://doi.org/10.1103/PhysRevB.79.220512
https://doi.org/10.1103/PhysRevB.79.220512
https://doi.org/10.1103/PhysRevB.79.220512
https://doi.org/10.1103/PhysRevB.79.220512
https://doi.org/10.1021/jacs.5b12571
https://doi.org/10.1021/jacs.5b12571
https://doi.org/10.1021/jacs.5b12571
https://doi.org/10.1021/jacs.5b12571
https://doi.org/10.1021/jacs.6b04538
https://doi.org/10.1021/jacs.6b04538
https://doi.org/10.1021/jacs.6b04538
https://doi.org/10.1021/jacs.6b04538
https://doi.org/10.1103/RevModPhys.83.1589
https://doi.org/10.1103/RevModPhys.83.1589
https://doi.org/10.1103/RevModPhys.83.1589
https://doi.org/10.1103/RevModPhys.83.1589
https://doi.org/10.1093/nsr/nwu007
https://doi.org/10.1093/nsr/nwu007
https://doi.org/10.1093/nsr/nwu007
https://doi.org/10.1093/nsr/nwu007
https://doi.org/10.1146/annurev-conmatphys-070909-104041
https://doi.org/10.1146/annurev-conmatphys-070909-104041
https://doi.org/10.1146/annurev-conmatphys-070909-104041
https://doi.org/10.1146/annurev-conmatphys-070909-104041
https://doi.org/10.1209/0295-5075/83/47001
https://doi.org/10.1209/0295-5075/83/47001
https://doi.org/10.1209/0295-5075/83/47001
https://doi.org/10.1209/0295-5075/83/47001
https://doi.org/10.1103/PhysRevB.79.054517
https://doi.org/10.1103/PhysRevB.79.054517
https://doi.org/10.1103/PhysRevB.79.054517
https://doi.org/10.1103/PhysRevB.79.054517
https://doi.org/10.1103/PhysRevLett.102.207001
https://doi.org/10.1103/PhysRevLett.102.207001
https://doi.org/10.1103/PhysRevLett.102.207001
https://doi.org/10.1103/PhysRevLett.102.207001
https://doi.org/10.1103/PhysRevLett.102.187005
https://doi.org/10.1103/PhysRevLett.102.187005
https://doi.org/10.1103/PhysRevLett.102.187005
https://doi.org/10.1103/PhysRevLett.102.187005
https://doi.org/10.1143/JPSJ.78.103702
https://doi.org/10.1143/JPSJ.78.103702
https://doi.org/10.1143/JPSJ.78.103702
https://doi.org/10.1143/JPSJ.78.103702
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.80.140503
https://doi.org/10.1103/PhysRevB.80.140503
https://doi.org/10.1103/PhysRevB.80.140503
https://doi.org/10.1103/PhysRevB.80.140503
https://doi.org/10.1103/PhysRevB.79.012503
https://doi.org/10.1103/PhysRevB.79.012503
https://doi.org/10.1103/PhysRevB.79.012503
https://doi.org/10.1103/PhysRevB.79.012503
https://doi.org/10.1143/JPSJ.78.083712
https://doi.org/10.1143/JPSJ.78.083712
https://doi.org/10.1143/JPSJ.78.083712
https://doi.org/10.1143/JPSJ.78.083712
https://doi.org/10.1103/PhysRevLett.104.087005
https://doi.org/10.1103/PhysRevLett.104.087005
https://doi.org/10.1103/PhysRevLett.104.087005
https://doi.org/10.1103/PhysRevLett.104.087005
https://doi.org/10.1103/PhysRevB.82.014526
https://doi.org/10.1103/PhysRevB.82.014526
https://doi.org/10.1103/PhysRevB.82.014526
https://doi.org/10.1103/PhysRevB.82.014526
https://doi.org/10.1103/PhysRevLett.109.087001
https://doi.org/10.1103/PhysRevLett.109.087001
https://doi.org/10.1103/PhysRevLett.109.087001
https://doi.org/10.1103/PhysRevLett.109.087001
https://doi.org/10.1103/PhysRevLett.107.117001
https://doi.org/10.1103/PhysRevLett.107.117001
https://doi.org/10.1103/PhysRevLett.107.117001
https://doi.org/10.1103/PhysRevLett.107.117001
https://doi.org/10.1016/j.jpcs.2010.10.064
https://doi.org/10.1016/j.jpcs.2010.10.064
https://doi.org/10.1016/j.jpcs.2010.10.064
https://doi.org/10.1016/j.jpcs.2010.10.064
https://doi.org/10.1126/science.1222793
https://doi.org/10.1126/science.1222793
https://doi.org/10.1126/science.1222793
https://doi.org/10.1126/science.1222793
https://doi.org/10.1088/0256-307X/32/12/127403
https://doi.org/10.1088/0256-307X/32/12/127403
https://doi.org/10.1088/0256-307X/32/12/127403
https://doi.org/10.1088/0256-307X/32/12/127403
https://doi.org/10.1103/PhysRevB.87.144502
https://doi.org/10.1103/PhysRevB.87.144502
https://doi.org/10.1103/PhysRevB.87.144502
https://doi.org/10.1103/PhysRevB.87.144502
https://doi.org/10.1103/PhysRevB.91.024502
https://doi.org/10.1103/PhysRevB.91.024502
https://doi.org/10.1103/PhysRevB.91.024502
https://doi.org/10.1103/PhysRevB.91.024502
https://doi.org/10.1103/PhysRevB.94.064501
https://doi.org/10.1103/PhysRevB.94.064501
https://doi.org/10.1103/PhysRevB.94.064501
https://doi.org/10.1103/PhysRevB.94.064501
https://doi.org/10.1103/PhysRevLett.117.277001
https://doi.org/10.1103/PhysRevLett.117.277001
https://doi.org/10.1103/PhysRevLett.117.277001
https://doi.org/10.1103/PhysRevLett.117.277001
https://doi.org/10.1103/PhysRevB.96.104512
https://doi.org/10.1103/PhysRevB.96.104512
https://doi.org/10.1103/PhysRevB.96.104512
https://doi.org/10.1103/PhysRevB.96.104512
https://doi.org/10.1103/PhysRevB.95.140505
https://doi.org/10.1103/PhysRevB.95.140505
https://doi.org/10.1103/PhysRevB.95.140505
https://doi.org/10.1103/PhysRevB.95.140505
https://doi.org/10.1103/PhysRevB.95.100502
https://doi.org/10.1103/PhysRevB.95.100502
https://doi.org/10.1103/PhysRevB.95.100502
https://doi.org/10.1103/PhysRevB.95.100502
https://doi.org/10.1103/PhysRevB.97.140503
https://doi.org/10.1103/PhysRevB.97.140503
https://doi.org/10.1103/PhysRevB.97.140503
https://doi.org/10.1103/PhysRevB.97.140503
https://doi.org/10.7566/JPSJ.86.093703
https://doi.org/10.7566/JPSJ.86.093703
https://doi.org/10.7566/JPSJ.86.093703
https://doi.org/10.7566/JPSJ.86.093703
https://doi.org/10.1007/s40843-016-5150-x
https://doi.org/10.1007/s40843-016-5150-x
https://doi.org/10.1007/s40843-016-5150-x
https://doi.org/10.1007/s40843-016-5150-x
https://doi.org/10.1103/PhysRevB.97.060509
https://doi.org/10.1103/PhysRevB.97.060509
https://doi.org/10.1103/PhysRevB.97.060509
https://doi.org/10.1103/PhysRevB.97.060509
https://doi.org/10.1103/PhysRevB.97.060506
https://doi.org/10.1103/PhysRevB.97.060506
https://doi.org/10.1103/PhysRevB.97.060506
https://doi.org/10.1103/PhysRevB.97.060506
http://arxiv.org/abs/arXiv:1811.05706
https://doi.org/10.1103/PhysRevB.79.174501
https://doi.org/10.1103/PhysRevB.79.174501
https://doi.org/10.1103/PhysRevB.79.174501
https://doi.org/10.1103/PhysRevB.79.174501

HUANG, WANG, YU, NI, LI, CHENG, CAO, AND LI

PHYSICAL REVIEW B 99, 020502(R) (2019)

[42] M. M. Altarawneh, K. Collar, C. H. Mielke, N. Ni, S. L.
Bud’ko, and P. C. Canfield, Phys. Rev. B 78, 220505(R)
(2008).

[43] J. A. Woollam, R. B. Somoano, and P. O’Connor, Phys. Rev.
Lett. 32, 712 (1974).

[44] J. Jaroszynski, S. C. Riggs, F. Hunte, A. Gurevich, D. C.
Larbalestier, G. S. Boebinger, F. F. Balakirev, A. Migliori, Z.
A. Ren, W. Lu, J. Yang, X. L. Shen, X. L. Dong, Z. X. Zhao,
R. Jin, A. S. Sefat, M. A. McGuire, B. C. Sales, D. K. Christen,
and D. Mandrus, Phys. Rev. B 78, 064511 (2008).

[45] H. Shakeripour, C. Petrovic, and L. Taillefer, New J. Phys. 11,
055065 (2009).

[46] J. Lowell and J. B. Sousa, J. Low Temp. Phys. 3, 65 (1970).

[47] J. O. Willis and D. M. Ginsberg, Phys. Rev. B 14, 1916 (1976).

[48] C. Proust, E. Boaknin, R. W. Hill, L. Taillefer, and A. P.
Mackenzie, Phys. Rev. Lett. 89, 147003 (2002).

[49] M. Suzuki, M. A. Tanatar, N. Kikugawa, Z. Q. Mao, Y. Maeno,
and T. Ishiguro, Phys. Rev. Lett. 88, 227004 (2002).

[50] E. Boaknin, M. A. Tanatar, J. Paglione, D. Hawthorn, F.
Ronning, R. W. Hill, M. Sutherland, L. Taillefer, J. Sonier, S.
M. Hayden, and J. W. Brill, Phys. Rev. Lett. 90, 117003 (2003).

[51] D. T. Adroja, F. K. K. Kirschner, F. Lang, M. Smidman, A. D.
Hillier, Z.-C. Wang, G.-H. Cao, G. B. G. Stenning, and S. J.
Blundell, J. Phys. Soc. Jpn. 87, 124705 (2018).

020502-6


https://doi.org/10.1103/PhysRevB.78.220505
https://doi.org/10.1103/PhysRevB.78.220505
https://doi.org/10.1103/PhysRevB.78.220505
https://doi.org/10.1103/PhysRevB.78.220505
https://doi.org/10.1103/PhysRevLett.32.712
https://doi.org/10.1103/PhysRevLett.32.712
https://doi.org/10.1103/PhysRevLett.32.712
https://doi.org/10.1103/PhysRevLett.32.712
https://doi.org/10.1103/PhysRevB.78.064511
https://doi.org/10.1103/PhysRevB.78.064511
https://doi.org/10.1103/PhysRevB.78.064511
https://doi.org/10.1103/PhysRevB.78.064511
https://doi.org/10.1088/1367-2630/11/5/055065
https://doi.org/10.1088/1367-2630/11/5/055065
https://doi.org/10.1088/1367-2630/11/5/055065
https://doi.org/10.1088/1367-2630/11/5/055065
https://doi.org/10.1007/BF00628399
https://doi.org/10.1007/BF00628399
https://doi.org/10.1007/BF00628399
https://doi.org/10.1007/BF00628399
https://doi.org/10.1103/PhysRevB.14.1916
https://doi.org/10.1103/PhysRevB.14.1916
https://doi.org/10.1103/PhysRevB.14.1916
https://doi.org/10.1103/PhysRevB.14.1916
https://doi.org/10.1103/PhysRevLett.89.147003
https://doi.org/10.1103/PhysRevLett.89.147003
https://doi.org/10.1103/PhysRevLett.89.147003
https://doi.org/10.1103/PhysRevLett.89.147003
https://doi.org/10.1103/PhysRevLett.88.227004
https://doi.org/10.1103/PhysRevLett.88.227004
https://doi.org/10.1103/PhysRevLett.88.227004
https://doi.org/10.1103/PhysRevLett.88.227004
https://doi.org/10.1103/PhysRevLett.90.117003
https://doi.org/10.1103/PhysRevLett.90.117003
https://doi.org/10.1103/PhysRevLett.90.117003
https://doi.org/10.1103/PhysRevLett.90.117003
https://doi.org/10.7566/JPSJ.87.124705 
https://doi.org/10.7566/JPSJ.87.124705 
https://doi.org/10.7566/JPSJ.87.124705 
https://doi.org/10.7566/JPSJ.87.124705 

