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In high-temperature cuprate superconductors, the anti-ferromagnetic spin fluctuations are thought
to have a very important role in naturally producing an attractive interaction between the electrons
in the d-wave channel. The connection between superconductivity and spin fluctuations is expected
to be especially consequential at the overdoped end point of the superconducting dome. In some
materials, that point seems to coincide with a Lifshitz transition, where the Fermi surface changes
from the hole-like centered at (m,7) to the electron-like, centered at the I' point causing a loss
of large momentum anti-ferromagnetic fluctuations. Here, we study the doping dependence of the
electronic structure of Bii gPbg 4SroCuOg+s in angle-resolved photoemission and find that the su-
perconductivity vanishes at lower doping than at which the Lifshitz transition occurs. This requires
a more detailed re-examination of a spin-fluctuation scenario.

PACS numbers: 71.18.4y, 74.72.-h, 74.25.Jb

INTRODUCTION

Even before the discovery of high temperature super-
conductors (HTSC), it was realized that antiferromag-
netic (AF) fluctuations give rise to a d-wave pairing from
short ranged repulsion of electrons on a lattice [1, 2].
Additionally, for two-dimensional materials with saddle
points in the electronic structure, the Van Hove singu-
larities enhance the pairing, if the Fermi level is near the
saddle point and the Fermi surface (FS) is not nested
[3]. Furthermore, depending on the FS shape, the spin
susceptibility will transform from an anti-ferromagnetic,
peaked at ¢ = (m,7) to a ferromagnetic, centered at
g = (0,0) at a filling corresponding to the Van Hove
singularity (VHS). This has been considered as the main
reason for the loss of pairing in the d-wave channel and
appearance of ferromagnetic fluctuations [4, 5] in the
strongly hole-overdoped cuprates when the FS under-
goes a Lifshitz transition and becomes electron-like, cen-
tered at the zone center [6, 7]. Similar tendency towards
the ferromagnetism at the overdoped end of supercon-
ducting dome was also very recently observed in the n-
type cuprates [8]. The numerical studies of hole-doped
cuprates suggest that the pseudogap too is tightly re-
lated to the FS topology, existing only for the hole-like
FS, with the Lifshitz transition effectively representing
its upper phase boundary [9].

Experimentally, the coincidental loss of superconduc-
tivity and the Lifshitz transition have been observed in
some materials at the overdoped end of the superconduct-
ing dome, reviving the interest in this matter [6, 10-13].
In the case of the single Cu-O plane cuprates, the coin-
cidence could be considered as a clear-cut evidence that
the spin-fermion model is at play at the overdoped end-

point of the doping range [10, 12]. However, the recently
established connection between the loss of superconduc-
tivity and the Lifshitz transition that was observed in the
bilayer system, BisSroCaCusOgys (Bi2212) raises more
questions [11, 13]. In Bi2212, the Lifshitz transition af-
fects only the anti-bonding F'S, but not the bonding one.
Another cuprate that does not follow this Lifshitz driven
scenario is TloBasCuOgys (T12201). The TI2201 is a
clean system showing quantum oscillations and a large
FS in the overdoped regime which undergoes the Lifshitz
transition at much higher doping than at which the su-
perconductivity disappears [14, 15]. Also, in the case of
Las_,Sr, CuO4 and Las_,Ba,CuQ4 the two transitions,
although close, are not simultaneous, indicating that this
correlation might not be universal for all cuprates [16—
20].

These discrepancies call for a reexamination of the
spin-fluctuation scenario in which the Lifshitz transition
triggers the loss of d-wave superconductivity. Here, we
study the electronic structure of Bij gPbg 4SroCuOgys
(Bi2201), a single layer cousin of Bi2212, in angle-
resolved photoemission spectroscopy (ARPES) and find
that the superconductivity in this system is lost sooner
than the doping at which the Lifshitz transition occurs.
This would suggest that the picture in which the topology
of the F'S alone is the driving force for the loss of super-
conductivity in the overdoped cuprates is too simplistic
and requires other ingredients.

METHODS

The experiments were done in an experimental facility
that integrates oxide-MBE with ARPES and SI-STM ca-
pabilities within a common vacuum system [11, 13, 21].
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FIG. 1. Evolution of the Fermi surface of Bii.sPbg.4SroCuOgys with doping. (a) Fermi surface of a vacuum annealed bulk
sample with the transition temperature 7. = 20 K. (b) Fermi surface of as grown, non-superconducting sample (7. = 0).
(c) Fermi surface of as-grown sample after annealing in ozone. (d) Fermi surface of overdoped, non-superconducting Bi2212
(T. = 0), for comparison. (e) and (f) illustrate the cases of hole- and electron-like FSs. Spectral intensity in (a-d), represented
by the gray-scale contours, is integrated within £3 meV around the Fermi level. Solid lines represent the states obtained from
tight-binding approximation that best fit the experimental data. The area enclosed by the TB lines that best represent the
experimental data is calculated and used for the determination of the doping parameter p. All the maps were recorded at 22

K (normal state).

The starting samples were synthesized by the traveling
floating zone method and the superconducting transition
temperature (T.) was measured with a SQUID down to
1.8 K. The as-grown Bi2201 samples were not supercon-
ducting and they required vacuum annealing to achieve
superconductivity with the maximal T, ~ 20— 28 K. The
as-grown and vacuum annealed samples were clamped to
the sample holder, cleaved with Kapton tape and studied
by ARPES. After the initial measurements, some sam-
ples were additionally annealed in vacuum or in ozone,
to reduce or increase the hole-doping, respectively. The
ARPES experiments were carried out on a Scienta SES-
R4000 electron spectrometer with the monochromatized
Hel (21.22 V) radiation (VUV-5k). The total instru-
mental energy resolution was ~ 5 meV. Angular resolu-
tion was better than ~ 0.15° and 0.4° along and perpen-
dicular to the slit of the analyzer, respectively.

RESULTS AND DISCUSSION

Figure 1 shows the photoemission intensity from the
narrow energy window around the Fermi level (3 meV),
representing the Fermi surfaces of the as-grown Bi2201
sample, panel (b), the vacuum annealed Bi2201 (a)
and the as-grown Bi2201 sample after annealing in
ozone (c). For comparison, the ozone annealed, non-
superconducting Bi2212 sample is also shown in panel
(d). The panels (e) and (f) represent the FS that al-
lows the d-wave pairing in the antiferromagnetic spin-
fluctuation scenario and the one that does not, respec-
tively [6, 7]. The tight binding (TB) contours, represent-
ing the best fits to the experimental FSs are also shown
[22]. The bare in-plane band structure is approximated
by the tight-binding formula:

Ei(k) = p — 2t(cosk, + cosk,) + 4t cosk, cosk, —
21" (cos 2k, + cos 2k, ) £t (cosk, — cosky)?/4

For Bi2212, ¢, # 0 and = is for anti-bonding (bonding)
state; p is chemical potential. The hopping parameters
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FIG. 2. Van Hove singularity in Bii.sPbg.4Sr2CuOgs. (a-d)
Dispersion at k; = m/a along the Y — M — X line correspond-
ing to the Bi2201 and Bi2212 samples from Fig.1. The TB
dispersions used to fit the Fermi surfaces in Fig.1 are also
shown, following the same color scheme as in Fig.1.

that best describe the FSs of the selected measured sam-
ples are given in Table I.

The Bi2201 FS consists of a single sheet, while the
Bi2212 has two Fermi sheets, the bonding (marked by
the solid TB contour) and the antibonding one (dashed
TB contour). The “shadow” FS, shifted by (7, 7) rela-
tive to the intrinsic one is also visible. In addition, in
the Bi2212 and in the ozone annealed Bi2201, the super-
modulation replicas are also visible. Both the “shadow”
and the supermodulation replicas are structural in ori-
gin and were shown to only minimally affect the elec-
trons in the Cu-O planes [23-27]. The re-appearance
of the supermodulation replicas in the ozone annealed
Bi2201 is probably related to the segregation of Pb-O
and Bi-O in the surface layer. If recleaved, the surface
of ozone annealed crystal does not show the supermod-

TABLE I. Tight-binding parameters for Bi2201 and Bi2212
samples from Fig.1

Sample weV) teV) t (V) t'(eV) tL (eV)
Bi2201(a) 0.42 0.36 0.1 0.036 0
Bi2201(b) 049 036 0.1  0.036 0
Bi2201(c) 0.545 0.37 0.1 0.036 0
Bi2212(d) 0.467 0.36 0.108 0.036 0.108

ulation. For each sample, the number of doped carriers
is obtained directly from the Luttinger count of the area
enclosed by the Fermi contour, p = 2Apgs — 1. For the
Bi2212, both the bonding and the antibonding states are
counted, Aps = (A_ + A1)/2, originating from the two
Cu-O planes per unit cell.

From Fig. 1(b) it is clear that the Bi2201 F'S remains
hole-like, centered at (m,7) at p = 0.32, even when the
superconductivity is already lost. We were able to induce
the Lifshitz transition and turn the FS into an electron-
like, centered at (0, 0) by pushing additional holes into
the Cu-O planes by ozone annealing. This, however, only
happens beyond p ~ 0.43, far away from the doping at
which superconductivity is lost. It would appear then
that in Bi2201 the two transitions are not bound and
that a simple picture where the Lifshitz transition and
the loss of d-wave pairing occur simultaneously, is not
entirely correct. This is similar to the T12201 case where
the superconductivity ceases to exist at p = 0.31, while
the Lifshitz transition is projected to occur at p ~ 0.5
[14, 15].

The Lifshitz transition related to the filling of VHS
at the antinodal points of the Brillouin zone is further
evidenced in Fig. 2. The VHS is clearly below the Fermi
level for the two less doped samples (p = 0.23 and 0.32)
and only moves slightly above the Fermi level for the
ozone-annealed sample (p = 0.45). For the latter, the
state visible at k, ~ 0.27/a is a supermodulation replica
of the intrinsic electronic structure, as previously noted
(see Fig. 1(c)).

It is interesting that in the Bi2212, the Lifshitz tran-
sition in one of the Fermi sheets (antibonding) coincides
with the loss of superconductivity, while the other Fermi
sheet (bonding) remains hole-like (Fig. 1(d) and 2(d)).
Thus, at the end of superconducting dome in Bi2212,
we have a situation illustrated in both panels (e) and
(f) of Fig. 1 simultaneously. Assuming the simple spin-
fluctuation picture were correct, this would imply that
the antibonding state is somehow more important for su-
perconductivity than the bonding state.

The main points of this study are summarized in Fig.
3. We show the doping phase diagram with the super-
conducting phases for both Bi2212 from Drozdov et al
[11] and the Bi2201 from this study. We also indicate
the position of the Lifshitz transition where the hole like
FS turns into the electron-like. In Bi2212 the transition
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FIG. 3. Phase diagram of Bij gPbg 4SraCuQOgqs and

BizSroCaCuz0s45. Superconducting transition temperature,
T., for 2212 (black circles) and 2201 (gray triangles) plotted
versus experimentally determined doping, p. The experimen-
tally determined Bi2212 superconducting dome [11] is rep-
resented by black dashed line. The putative dome for 2201
is represented by gray dashed line. The Lifshitz transition
in Bi2201 is marked by the gray arrow and the one in the
antibonding F'S of Bi2212 is marked by the green arrow.

is achievable only in the antibonding Fermi sheet (indi-
cated by the green arrow) and coincides with the end
of the superconducting dome. The transition in Bi2201
(gray arrow) occurs far from the superconducting zone
boundary.

We note that our results on Bi2201 are in contrast with
previous ARPES studies [10, 12], probably due to differ-
ences in chemical composition of the samples. Kondo et
al [10] report the superconducting phase up to p ~ 0.4 in
Bi2201 co-doped with both Pb and La. In Ding et al [12]
the sample composition is similar to ours and the super-
conducting phase does not extend that far. Both studies,
however, suggest much closer correlation between the loss
of superconductivity and the Lifshitz transition. We em-
phasize that our as grown Bi2201 samples were not su-
perconducting down to 1.8 K, but were very stable both
in the ambient conditions and in UHV. They also gave
very consistent ARPES results, with the hole-like F'S and
p = 0.32 £ 0.015 at every cleave (> 10 cleaves). There-
fore, already our as grown sample makes the strong case
for the title claim of this study.

With the observed irregularities in the coincidence of
the Lifshitz transition and the loss of d-wave supercon-
ductivity in Bi2201 and in different families of cuprate
superconductors, a simple picture relating the FS topol-
ogy with the presence or absence of superconductivity
requires a more detailed re-examination. One prob-
lem could be that a certain level of three-dimensional
(3D) character in the electronic structure (k, warping)
might spread the VHS and place its apparent position in

ARPES at the point that depends on the experimental
parameters, i.e. the used photon energy. This might be
particularly important in Las_,Sr,CuQO,4 that shows a
higher level of 3D character [28, 29], unlike Bi2201 and
T12201 that are known to be extremely two-dimensional
[30, 31]. Another reason for the two transitions occurring
non-simultaneously could be that the 7 is reduced much
faster than the AF spin-fluctuations due to some other
effect. A plausible reason would be a large pair-breaking
scattering of some sort that would push the system into
the dirty limit and terminate superconductivity before
the pairing interactions are gone [7, 14, 32-34]. A direct
comparison between Bi2201 and Bi2212 in Fig. 1 and 2
indeed points to the remarkably broader electronic states
in Bi2201 for similar doping levels. That clearly indicates
a significantly higher level of scattering in the Bi2201 sys-
tem that could explain a large mismatch between the Lif-
shitz transition and the loss of superconductivity in that
system. However, the T12201 case would argue against
this scenario, as this material is clean enough to display
quantum oscillations in transport and yet, it shows an
even larger mismatch [14, 15, 34].

There is also a possibility that the curvature of the FS
in the antinodal region might play a significant role in
cuprate superconductivity. The straight antinodal seg-
ments would normally favor nesting and a formation of
density waves. However, in the highly overdoped regime
near the end point of the superconducting dome, the den-
sity waves can be discarded, as evidenced by the lack of
any gaps or reconstructions that they should produce.
These segments might be ineffective in forming mobile
Cooper pairs because the group velocity of these seg-
ments lacks the component that should connect them
from kg to —kg into singlet pairs. The Bi2212 (Fig.
1(d)) seems to be a good example of a large discrepancy
in curvature of antinodal segments in bonding and anti-
bonding Fermi sheets and an indication that this scenario
might be at play in cuprates.

Finally, we speculate that the apparent coincidence of
the onset of the ferromagnetism and the demise of super-
conductivity in the n-type cuprates [8], is also dictated
by the same fundamental principles that are expected to
be at play in the heavily overdoped p-type cuprates. In
the superconducting electron doped cuprates, the under-
lying F'S is always hole-like, centered at (7, ), but recon-
structed at the “hot spots” by the AF spin fluctuations
into an electron and a hole pocket. However, at the end
point of the superconducting phase in n-type cuprates,
the FS does not suddenly turn into an electron-like one,
as in the case of the hole doped cuprates discussed here.
What seems to happen is that the (m,7) centered hole
FS becomes so small that it is not touching the AF zone
boundary anymore. With the lack of AF “hot spots” the
FS would not be reconstructed anymore and it should
turn into a single hole-like one centered at (m,m) [35].
The spin susceptibility is then expected to shift from an



antiferromagnetic, with the weight centered at (, ), to
a ferromagnetic, peaked at (0,0). This should be corre-
lated with the loss of d-wave pairing, similarly to what
happens in the hole-doped cuprates.

SUMMARY

In summary, we have explored the correlation between
the loss of superconductivity and the Lifshitz transition
occurring in the heavily overdoped side of the phase dia-
gram of the hole doped cuprates. Although the two tran-
sitions are not perfectly coincidental in all the cuprates,
there seems to be a general trend where they are rela-
tively close but the exact positions in the doping phase
diagram may be influenced by other factors such as the
amount of elastic scattering and the curvature of the FS.
In addition, the energy scales related to electrons and
the details of energy and momentum distribution of spin
susceptibility might also play a role in fine tuning of dop-
ing positions of these two transitions. This implies that
the d-wave superconductivity in cuprates is very strongly
coupled to the AF spin fluctuations that, when present,
likely mediate the pairing in these materials.

This work was supported by the US Department of
Energy, Office of Basic Energy Sciences, contract no. DE-
SC0012704. I.P. was supported by ARO MURI program,
grant W911NF-12-1-0461.

* valla@bnl.gov

[1] J. E. Hirsch, Physical Review Letters 54, 1317 (1985),
ISSN 0031-9007, URL https://link.aps.org/doi/10.
1103/PhysRevLett.54.1317

[2] D. J. Scalapino, E. Loh, and J. E. Hirsch, Physical Re-
view B 34, 8190 (1986), ISSN 0163-1829, URL https:
//1link.aps.org/doi/10.1103/PhysRevB.34.8190.

[3] J. E. Hirsch and D. J. Scalapino, Physical Review Letters
56, 2732 (1986), ISSN 0031-9007, URL https://link.
aps.org/doi/10.1103/PhysRevlett.56.2732.

[4] A. Kopp, A. Ghosal, and S. Chakravarty, Proceedings of
the National Academy of Sciences of the United States
of America 104, 6123 (2007), ISSN 0027-8424, URL
http://www.ncbi.nlm.nih.gov/pubmed/1740423%ttp:
//www.pubmedcentral.nih.gov/articlerender.fcgi?
artid=PMC1851066

[5] K. Kurashima, T. Adachi, K. M. Suzuki, Y. Fuku-
naga, T. Kawamata, T. Noji, H. Miyasaka, I. Watan-
abe, M. Miyazaki, A. Koda, et al., Physical Review Let-
ters 121, 057002 (2018), ISSN 0031-9007, URL https://
link.aps.org/doi/10.1103/PhysRevLett.121.057002.

[6] T. A. Maier and D. J. Scalapino, Journal of Supercon-
ductivity and Novel Magnetism 33, 15 (2020), ISSN
1557-1939, URL http://link.springer.com/10.1007/
510948-019-05366-4.

[7] T. A. Maier, S. Karakuzu, and D. J. Scalapino (2020),
2004.13120, URL http://arxiv.org/abs/2004.13120.

[8] T. Sarkar, D. S. Wei, J. Zhang, N. R. Poniatowski,

P. R. Mandal, A. Kapitulnik, and R. L. Greene, Sci-

ence 368, 532 (2020), ISSN 0036-8075, URL https:

//science.sciencemag.org/content/368/6490/532.

W. Wu, M. S. Scheurer, S. Chatterjee, S. Sachdev,

A. Georges, and M. Ferrero, Physical Review X 8, 021048

(2018), ISSN 2160-3308, URL https://link.aps.org/

doi/10.1103/PhysRevX.8.021048.

[10] T. Kondo, T. Takeuchi, T. Yokoya, S. Tsuda, S. Shin,
and U. Mizutani, Journal of Electron Spectroscopy and
Related Phenomena 137-140, 663 (2004), ISSN 0368-
2048, URL https://www.sciencedirect.com/science/
article/pii/S036820480400129X.

[11] I. K. Drozdov, I. Pletikosi¢, C.-K. Kim, K. Fu-
jita, G. D. Gu, J. C. S. Davis, P. D. Johnson,
I. Bozovi¢, and T. Valla, Nature Communications 9, 5210
(2018), ISSN 2041-1723, URL http://www.nature.com/
articles/s41467-018-07686-w.

[12] Y. Ding, L. Zhao, H-T. Yan, Q. Gao, J. Liu, C. Hu,
J.-W. Huang, C. Li, Y. Xu, Y.-Q. Cai, et al., Chi-
nese Physics Letters 36, 017402 (2019), ISSN 0256-307X,
URL https://iopscience.iop.org/article/10.1088/
0256-307X/36/1/017402.

[13] T. Valla, I. K. Drozdov, and G. D. Gu, Nature Commu-
nications 11, 569 (2020), URL http://www.nature.com/
articles/s41467-020-14282-4.

[14] P. M. C. Rourke, A. F. Bangura, T. M. Benseman,
M. Matusiak, J. R. Cooper, A. Carrington, and N. E.
Hussey, New Journal of Physics 12, 105009 (2010),
ISSN 1367-2630, URL https://iopscience.iop.org/
article/10.1088/1367-2630/12/10/105009

[15] C. Putzke, S. Benhabib, W. Tabis, J. Ayres, Z. Wang,
L. Malone, S. Licciardello, J. Lu, T. Kondo, T. Takeuchi,
et al. (2019), 1909.08102, URL http://arxiv.org/abs/
1909.08102.

[16] A. Ino, C. Kim, M. Nakamura, T. Yoshida, T. Mizokawa,
A. Fujimori, Z.-X. Shen, T. Kakeshita, H. Eisaki, and
S. Uchida, Physical Review B 65, 094504 (2002), ISSN
0163-1829, URL https://link.aps.org/doi/10.1103/
PhysRevB.65.094504.

[17] T. Yoshida, X. J. Zhou, K. Tanaka, W. L. Yang, Z. Hus-
sain, Z.-X. Shen, A. Fujimori, S. Sahrakorpi, M. Lin-
droos, R. S. Markiewicz, et al., Physical Review B 74,
224510 (2006), ISSN 1098-0121, URL http://prb.aps.
org/abstract/PRB/v74/122/e224510.

[18] T. Valla, A. V. Fedorov, J. Lee, J. C. Davis, and
G. D. Gu, Science (New York, N.Y.) 314, 1914 (2006),
ISSN 1095-9203, URL http://www.ncbi.nlm.nih.gov/
pubmed/17110536.

[19] T. Valla, T. Kidd, W.-G. Yin, G. Gu, P. Johnson, Z.-
H. Pan, and A. Fedorov, Physical Review Letters 98,
167003 (2007), ISSN 0031-9007, URL http://link.aps.
org/doi/10.1103/PhysRevLett.98.167003.

[20] T. Valla, Physica C: Superconductivity 481, 66 (2012),
ISSN 0921-4534, URL https://www.sciencedirect.
com/science/article/pii/S09214534120018397via{\%

9

}3Dihub.

[21] C. K. Kim, I. K. Drozdov, K. Fujita,
J. C. S. Davis, I. Bozovié, and T. Valla,
https://doi.org/10.1016/j.elspec.2018.07.003 (2018),

1805.04811, URL https://doi.org/10.1016/j.elspec.
2018.07.003.

[22] R. S. Markiewicz, S. Sahrakorpi, M. Lindroos, H. Lin,
and A. Bansil, Physical Review B 72, 054519 (2005),



23]

24]

(25]

(26]

27]

(28]

29]

ISSN 1098-0121, URL https://link.aps.org/doi/10.
1103/PhysRevB.72.054519.

M. R. Norman, M. Randeria, H. Ding, and J. C.
Campuzano, Physical Review B 52, 615 (1995), ISSN
0163-1829, URL https://link.aps.org/doi/10.1103/
PhysRevB.52.615.

H. Ding, A. F. Bellman, J. C. Campuzano, M. Ran-
deria, M. R. Norman, T. Yokoya, T. Takahashi,
H. Katayama-Yoshida, T. Mochiku, K. Kadowaki,

et al., Physical Review Letters 76, 1533 (1996), ISSN
0031-9007, URL https://link.aps.org/doi/10.1103/
PhysRevLett.76.1533.

A. Mans, I. Santoso, Y. Huang, W. K. Siu, S. Tavaddod,
V. Arpiainen, M. Lindroos, H. Berger, V. N. Strocov,
M. Shi, et al., Physical Review Letters 96, 107007 (2006),
ISSN 0031-9007, URL https://link.aps.org/doi/10.
1103/PhysRevLett.96.107007.

T. Valla, I. Pletikosi¢, I. K. Drozdov, and G. D.
Gu, Physical Review B 100, 241112 (2019), ISSN
2469-9950, URL https://link.aps.org/doi/10.1103/
PhysRevB.100.241112.

Q. Gao, H. Yan, J. Liu, P. Ai, Y. Cai, C. Li, X. Luo,
C. Hu, C. Song, J. Huang, et al., Phys. Rev. B 101,
014513 (2020), URL https://link.aps.org/doi/10.
1103/PhysRevB.101.014513.

Y. Nakamura and S. Uchida, Physical Review B
47, 8369 (1993), URL https://journals.aps.org/prb/
abstract/10.1103/PhysRevB.47.8369.

M. Horio, K. Hauser, Y. Sassa, Z. Mingazheva, D. Sutter,
K. Kramer, A. Cook, E. Nocerino, O. Forslund, O. Tjern-

30]

(31]

32]

(33]

(34]

35]

berg, et al., Physical Review Letters 121, 077004 (2018),
ISSN 0031-9007, URL https://link.aps.org/doi/10.
1103/PhysRevLett.121.077004.

T. Manako, Y. Shimakawa, Y. Kubo, and H. Igarashi,
Physica C: Superconductivity 185-189, 1327 (1991),
ISSN 0921-4534, URL https://www.sciencedirect.
com/science/article/pii/092145349191887A.

S. Ono and Y. Ando, Physical Review B 67,
104512 (2003), URL https://journals.aps.org/prb/
abstract/10.1103/PhysRevB.67.104512.

N. R. Lee-Hone, J. S. Dodge, and D. M. Broun, Physical
Review B 96, 024501 (2017), ISSN 2469-9950, URL
http://link.aps.org/doi/10.1103/PhysRevB.96.
024501.

D. Pelc, P. Popcevié, M. Pozek, M. Greven, and
N. Barisi¢, Science Advances 5, eaaud538 (2019), ISSN
2375-2548, URL https://advances.sciencemag.org/
lookup/doi/10.1126/sciadv.aaud538.

N. R. Lee-Hone, H. U. Ozdemir, V. Mishra, D. M. Broun,
and P. J. Hirschfeld, Physical Review Research 2, 013228
(2020), ISSN 2643-1564, URL https://link.aps.org/
doi/10.1103/PhysRevResearch.2.013228.

J. He, C. R. Rotundu, M. S. Scheurer, Y. He,
M. Hashimoto, K.-J. Xu, Y. Wang, E. W. Huang,
T. Jia, S. Chen, et al., Proceedings of the Na-
tional Academy of Sciences of the United States of
America 116, 3449 (2019), ISSN 1091-6490, URL
http://www.ncbi.nlm.nih.gov/pubmed/30808739%http:
//www.pubmedcentral .nih.gov/articlerender.fcgi?
artid=PMC6397544.



