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Upper critical field of Sr2RuO4 under in-plane uniaxial pressure
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In-plane uniaxial pressure has been shown to strongly tune the superconducting state of Sr2RuO4 by approach-
ing a Lifshitz transition and associated Van Hove singularity (VHS) in the density of states. At the VHS, Tc and
the in- and out-of-plane upper critical fields are all strongly enhanced, and the latter has changed its curvature as
a function of temperature from convex to concave. However, due to strain inhomogeneity it has not been possible
so far to determine how the upper critical fields change with strain. Here, we show the strain dependence of both
upper critical fields, which was achieved due to an improved sample preparation. We find that the in-plane upper
critical field is mostly linear in Tc. On the other hand, the out-of-plane upper critical field varies with a higher
power in Tc, and peaks strongly at the VHS. The strong increase in magnitude and the change in form of Hc2||c
occur very close to the Van Hove strain, and point to a strong enhancement of both the density of states and the
gap magnitude at the Lifshitz transition.

DOI: 10.1103/PhysRevB.107.064509

I. INTRODUCTION

Uniaxial pressure affects the superconducting state of
Sr2RuO4 strongly [1–3]. Applied along a 〈100〉 axis, uniaxial
pressure tunes one of the Fermi sheets (the γ sheet) through a
Lifshitz transition and associated Van Hove singularity (VHS)
in the density of states, at an applied strain of εVHS = −0.0044
[Fig. 1(a)] [4,5]. On the approach to the VHS, Tc increases
quadratically at low strains [6] and peaks at the VHS, where
Tc is enhanced by a factor of 2.3 [1,2,7]. At the VHS, both
the in-plane upper critical field, Hc2||ab, and the out-of-plane
upper critical field, Hc2||c, are strongly enhanced: the Pauli
limited in-plane upper critical field by a factor of 3 and the
orbitally limited out-of-plane upper critical fields by a factor
of 20 [2]. The strengthening of the superconducting state at
the Lifshitz transition is associated with a strong enhancement
of the total electronic density of states (the Fermi velocity at
the Van Hove point goes to zero), resulting in a strong peak
in Tc. However, a strong enhancement of the orbitally limited
upper critical field, Hc2 ∝ (Tc/vF)2, is only expected when a
small Fermi velocity, vF, coincides with regions of nonzero
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superconducting gap. Hence, the strong enhancement of Hc2||c
was taken as evidence that the superconducting gap is nonzero
at the Van Hove point. This finding was recently supported by
measurements of the heat capacity and the elastocaloric effect
under uniaxial pressure [8,9].

A further intriguing observation is that at the Van Hove sin-
gularity, the curvature of the out-of-plane upper critical field
changes from a convex (Werthamer-Helfand-Hohenberg-like)
form [10], as seen for most superconductors, to a concave
form [2,8]. Among the rare cases of superconductors which
show a concave upper critical field are the multiband su-
perconductors MgB2 [11] and Ba(Fe1−xCox )2As2 [12,13].
A concave form of Hc2(T ) is discussed as an indica-
tion of large gap nonuniformity in a single or multiple
bands [14].

Here, we aim to get a sense of how the strong changes in
the upper critical fields evolve as a function of strain as the
Lifshitz transition is approached. This technically challenging
experiment was accomplished by improving our experimental
setup and hence reducing the effects of strain inhomogeneity
noticeably. We find that the curvature of Hc2||c(T ) changes
only very close to the Van Hove strain. Furthermore, we find
that the out-of-plane upper critical field varies over a large
range in strain with a quadratic power in Tc, as expected for an
orbitally limited critical field. In contrast, the in-plane upper
critical field Hc2||ab is linear in Tc, as expected for a Pauli
limited critical field. Close to the Van Hove singularity, both
Hc2||ab and Hc2||c deviate from these power laws and exhibit
an overall strong enhancement. These strong enhancements
indicate that at the Van Hove point not only the density of
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FIG. 1. (a) Cross section at kz = 0 of calculated two-dimensional
Fermi surfaces at zero strain εxx = 0 and the Van Hove strain εxx =
−0.0044. (b) Field sweeps at constant temperature of 0.22, 0.57,
0.96, and 1.34 K of a piece of the same crystal as samples 1 and
2. The sharpness of the superconducting transition at low temper-
atures points to a high-quality sample. The asymmetry of χ (H ) is
associated with remanent field effects due to trapped flux in the
superconducting magnet. (c) Illustration of the uniaxial stress cell
used in this work, and (d) photograph of sample 2 mounted in this
cell. The inset shows the pair of concentric coils, with one wound
directly on top of the other, in more detail.

states but also the superconducting gap magnitude is strongly
enhanced.

II. EXPERIMENTAL RESULTS

In previous work on uniaxial pressure tuning, it was ob-
served that sharp superconducting transitions were only seen
near zero pressure and near the Van Hove pressure, where
Tc depends weakly on pressure. In contrast, at intermediate
pressures, where the pressure dependence of Tc is stronger,
the transitions were considerably broadened due to strain
inhomogeneity in the samples. (The width of the transition
is proportional to dTc/dε and hence the transition broadens
away from zero and the Van Hove strain.) In order to perform
a meaningful study of the critical fields in this intermedi-
ate strain region, we took several steps to reduce the effect
of strain inhomogeneity. First of all, we screened multiple
samples from different growths by ac susceptibility to find
suitable samples (large Tc and a narrow transition, indicating
low internal strain inhomogeneity). All the samples we in-
vestigated were grown by a floating-zone technique [15] and
showed a Tc close to the clean-limit value [16]. Figure 1(b)
shows ac susceptibility data of a piece of the same rod from
which samples 1 and 2 were taken. The sharpness of the
superconducting transitions in magnetic field, down to low
temperatures, points to high quality of the crystal, with no
apparent effect of ruthenium inclusions [17]. In a second step,
we shrank the size of the ac susceptibility coils so that only
the most homogeneously strained region in the center of the
sample was probed. We used a pair of concentric coils with
diameters of ≈330μm, placed on top of the sample [Fig. 1(c)]

with the ac field along the c axis. Finally, we used samples
with high length-to-width and length-to-thickness ratios, re-
ducing sensitivity to the end regions where the applied strain
is inhomogeneous. The bars were mounted in a piezoelectric-
based uniaxial pressure cell, as described elsewhere [18].

We measured Tc and Hc2||c of two samples at a series of
compressive strains εxx. Figures 2(a) and 2(b) show the mutual
inductance M between the two coils plotted against temper-
ature of sample 2 for ε < εVHS and ε > εVHS, respectively.
Sample 1, which gave similar results as sample 2, broke at
the Van Hove strain, and results are shown in the Appendix.
In contrast, sample 2 could be compressed to well beyond
the Van Hove singularity and exhibited a better stress homo-
geneity. At zero strain, sample 2 exhibits a sharp transition
into the superconducting state at around 1.45 K, pointing to
the high quality of the sample, as already seen in a previous
heat capacity measurement on the same sample [8]. With
increasing uniaxial pressure, Tc shifts to larger temperature
and peaks at the Van Hove strain before falling steeply. The
superconducting transition broadens slightly, but remains nar-
rower than in previous experiments [2,7]. In order to verify
that the sample and the epoxy remained within their elastic
limits, Tc was determined both before and after the sample
was taken to maximum pressure, and no substantial differ-
ence was observed. However, as can be seen in Fig. 2(a), the
superconducting transition for increasing (dashed lines) and
decreasing |εxx| (full lines) showed differences: The former
is broader than the latter. We attribute this difference to minor
fracture of the epoxy that reduced sample bending when stress
was applied.

Figures 2(c) and 2(d) show the diamagnetic response
against field applied along the c axis at 200 mK. A fourth-
order polynomial background is subtracted from the data;
details are given in the Appendix. We will focus again on
sample 2 and show data from sample 1, which gave similar
results, in the Appendix. For small fields, a weak increase
of the diamagnetic response is visible, which is associated
with vortex motion. At higher fields, a sharp superconduct-
ing transition occurs at around 67 mT for sample 2 at zero
strain. With increasing compressive strain, the superconduct-
ing transition shifts to larger fields. The transition broadens,
but remains much narrower than in previous measurements,
allowing us to determine the strain dependence of Hc2. At the
Van Hove strain, Hc2||c is enhanced by a factor of ≈ 19, in
good agreement with previous results [2]. Beyond εVHS, Hc2||c
falls steeply.

We now compare the strain dependences of Hc2 and Tc.
Figure 2(e) shows Tc (squares) and Hc2||c (dots) of sample
2 against εxx/|εVHS|. Hc2 is best identified by the onset of
the superconducting transition. However, due to transition
broadening, a threshold criterion is more practical. Hence, the
colors represent the 60%, 70%, and 80% levels, which are
marked by dashed lines in Figs. 2(a)–2(d). Both Tc and Hc2||c
peak, within the resolution of the experiment, at the same Van
Hove strain. Tc increases approximately quadratically at low
strains and shows a broad peak around the Van Hove strain.
The width of the peak in Tc is similar to that observed previ-
ously [5]. In contrast, the peak in Hc2 is very sharp. The much
narrower peak of Hc2||c compared to Tc might be a temperature
effect: Hc2||c of sample 2 was measured at 200 mK, whereas
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FIG. 2. Mutual inductance against temperature at a series of
compressive strains before (a) and after (b) the Van Hove strain,
εVHS, for sample 2. The dashed curves were measured for increasing
|εxx| and the full curves for decreasing |εxx|. [(c), (d)] Diamagnetic
response against applied field along the crystalline b axis at 200 mK
at a series of compressive strains before and after εVHS. The data are
normalized after background correction, as described in detail in the
Appendix. The black dashed lines are 60%, 70%, and 80% thresh-
olds. (e) Tc (squares) and Hc2 at 200 mK (dots) against εxx/|εVHS|.
The colors represent the criteria defined in panels (a)–(d). The gray
squares are taken from Ref. [5].

Tc was measured between 1.5 K and 3.5 K. In comparison,
the peak of Hc2||c of sample 1, shown in the Appendix and
measured at 900 mK, is broader than the the peak of sample 2

FIG. 3. (a) Hc2||b at 20 mK against Tc up to the Van Hove strain.
(b) Hc2||c against T 2

c for strains before (blue dots) and beyond (yellow
dots) the Van Hove strain. (c) Hc2||c/T 2

c against εxx/εVHS. For com-
parison, results from weak-coupling calculations for an even- and an
odd-parity order parameter, taken from Ref. [2], are also shown. The
colored lines represent the εxx/εVHS = 0.75, 0.875 and 1 values.

but still narrower that the peak of Tc. The width of the peak
in Hc2||c sets an upper limit on strain inhomogeneity, which
means that the observed peak width for Tc is intrinsic.

Next we turn to the strain dependence of the in-plane upper
critical field, Hc2||b, which was measured by ac susceptibility
at 20 mK. Experimental details can be found in Ref. [19].
Figure 3(a) shows Hc2||b against Tc. The in-plane upper crit-
ical field is approximately proportional to Tc and deviates
from proportionality only very close to the Lifshitz transition.
The linear dependence of Hc2||b on Tc, and therefore on the
k-averaged value of �(k), is expected for a Pauli limited
critical field [20]. Pauli limiting is associated with spin-singlet
superconductivity, so this observation is consistent with an
even-parity state [19,21–23], and results in a first-order transi-
tion, which has been observed both at zero strain [24,25] and
at the Van Hove strain [2].

In order to further understand how the superconducting
state evolves as the Lifshitz transition is approached, we plot
the orbitally limited Hc2||c against T 2

c in Fig. 3(b). If, hy-
pothetically, the gap of a superconductor is scaled without
modification of its k-space structure, Hc2 ∝ T 2

c is expected,
and the constant of proportionality is proportional to the den-
sity of states squared [2]. Figure 3(b) shows the out-of-plane
upper critical field against T 2

c of sample 2 for compressive
strains before (blue dots) and after (yellow dots) the Van
Hove singularity. For small values of Tc, Hc2||c increases only
slightly faster than T 2

c . But close to the Van Hove strain, Hc2||c
deviates further from the T 2

c dependence and exhibits overall
a superquadratic dependence in Tc, resulting in a sharp rise
of Hc2||c over an already strong enhancement. This behavior
indicates that, relative to the unstrained material, gap weight
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FIG. 4. (a) Hc2||c against temperature for three different compres-
sive strains. Dots are measured by ac susceptibility and triangle by
heat capacity, on the same sample [8]. X’s are ac susceptibility data
taken from Ref. [2]. (b) Comparison of the change in curvature of
Sr2RuO4 at different compressive strains with the concave Hc2(T )
curves of MgB2 [11] and BaFe1.84Co0.16As2 [13]. Due to the larger
temperature range, the zero strain Sr2RuO4 is taken from Ref. [29].

shifts to sections of Fermi surface where the Fermi velocity is
lower and the density of states is higher.

Finally, by replotting the data as Hc2||c/T 2
c against strain

in Fig. 3(c), we can compare the experimental results to
predictions from two-dimensional weak-coupling calcula-
tions, taken from Ref. [2], for even- (dx2−y2 + s) and
odd-parity (px or py) order parameters. As noted above, the
increase in Hc2||c/T 2

c indicates a nonzero gap in the vicinity of
the Lifshitz transition, which is in two dimensions only pos-
sible for even-parity order (in three dimensions, a finite gap
can only occur for odd-parity order parameters with horizontal
line nodes) [26]. It is notable that the observed Hc2||c/T 2

c peaks
close to the VHS much more sharply than in the calculation.
At the Van Hove singularity, Hc2||c/T 2

c is enhanced by a factor
of ≈3.5, in good agreement with Ref. [2]. The much larger
enhancement of Hc2||c/T 2

c over the calculations might be ex-
plained by strengthened many-body effects as pointed out in
Ref. [2] and discussed in Ref. [27].

Next, we turn to the temperature dependence of the upper
critical field at intermediate strains. In previous studies [2,8],
it was found that Hc2||c(T ) changes from a convex function
of temperature at zero strain to a concave form at the Van
Hove strain. Figure 4(a) shows Hc2||c(T ) measured by ac

susceptibility and heat capacity of sample 2 at three compres-
sional strains. Details about the heat capacity measurements
can be found in Refs. [8,28]. The data show that the change of
Hc2||c(T ) from a convex function of temperature to a concave
function occurs close to the Van Hove strain: At εxx/εVHS =
0.75, Hc2(T ) is still convex. In other words, the change from
a convex to a concave shape only occurs in a similar range
of strain to that over which Hc2||c deviates strongly from a T 2

c
dependence.

In Fig. 4(b), we plot our Hc2(T, ε) under strain data nor-
malized to their respective Tc and Hc2(T = 0) values, and
compare them to the Hc2(T ) curves of the multiband super-
conductors MgB2 and overdoped BaFe1.84Co0.16As2 [11,13].
Instead of our own zero-strain Hc2(T ) curve, we show the
curve from Ref. [29] due to the larger temperature range.
However, it is noteworthy that over the measured temperature
range there is no essential difference between the two zero-
strain Sr2RuO4 Hc2(T ) curves. At the Van Hove strain, where
Hc2(T ) of Sr2RuO4 has changed its curvature from convex to
concave, Hc2(T ) matches the curve of BaFe1.84Co0.16As2 very
closely, and is even more concave than that of the textbook
two-gap superconductor MgB2.

The concave temperature dependence of Hc2||c(T ) raises
the question of whether we are actually measuring the upper
critical field or rather the so-called irreversibility line, which
is associated with the melting of the flux lattice [30–32] at
a first-order phase transition [33]. Flux lattice melting usually
occurs in quasi-two-dimensional superconductors with a short
coherence lengths and high superconducting transition tem-
peratures. Even at the Van Hove strain, the coherence length
of Sr2RuO4 is quite long, approximately 200 angstroms. Also,
the transitions in susceptibility and heat capacity are sharp
and the critical fields deduced from the two measurements are
in good agreement [Fig. 4(b)], and there is no experimental
evidence of either a first-order transition or of substantial
diamagnetic fluctuations above Tc(H ). We therefore conclude
that our observed Hc2(T ) curve is that of the thermodynamic
order parameter, and not a consequence of flux lattice melting.

A concave Hc2(T ) has also been discussed in the context
of quantum critical points [34], order parameter mixing [35],
and the proximity to a VHS [36]. However, the latter predicts a
relation Hc2 ∝ T

√
2

c , which is not observed in our experiments.
In summary, the microscopic details of the change in curvature
of Hc2(T ) of Sr2RuO4 are not well understood. We hope
that this finding will motivate future work to understand the
concave nature of Hc2(T ).

III. DISCUSSION

We have shown that by 〈100〉 uniaxial pressure tuning
Sr2RuO4 to a Lifshitz transition and associated Van Hove
singularity, the orbitally limited Hc2||c exhibits a sharp rise
over an already strong enhancement, pointing to a large gap
coinciding with a small Fermi velocity at εVHS. In a similar
range of strains as the strong enhancement, Hc2||c also changes
its form from convex to concave. These sudden changes
indicate that the out-of-plane upper critical field is highly
sensitive to something occurring around the Van Hove strain.
On the other hand, the in-plane upper critical field is Pauli
limited and exhibits a linear dependence in Tc. In the simplest
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single-band situation (g = 2), the Pauli limited field is given
by HP = �(0)/(

√
2SμB), where S = [1 − V N (EF)]−1 is the

renormalization due to the Stoner factor [20]. For materials
with Tc = 1.5 K and an isotropic gap, a Pauli-limited critical
field of 2.76 T is expected. This is about twice the value
observed for unstressed Sr2RuO4, suggesting that the Stoner
factor is substantial. On the approach to the Lifshitz transition,
Knight shift measurements [27,37] and DFT calculations
found a continuously and strongly increasing density of
states [2], which would naturally result in a gradually
increasing Stoner factor. Indeed, at the Van Hove strain
the Stoner factor is enhanced by ≈30% over the zero strain
value [27]. As a consequence, the Pauli limited field should be
gradually suppressed, resulting in a sublinear dependence of
the in-plane upper critical field on strain. Since this sublinear
behavior is not observed, the superconducting gap must
increase more quickly than linearly in Tc to compensate the
suppression due to the Stoner factor, resulting in an overall
quasilinear dependence of the Pauli limited field in Tc. A
strengthening of the superconducting gap might also explain
the sudden upturn of Hc2||b, which occurs at a similar strain as
the changes in Hc2||c. However, since this upturn is not crite-
rion independent (Fig. 7), more studies are needed to clarify
this hypothesis. Finally, the strong enhancement of both the
density of states and the gap magnitude close to the Van Hove
singularity could also explain the large difference between
the experimental values and the weak-coupling calculation of
Hc2||c/T 2

c close to the Van Hove strain, shown in Fig. 3(c).
In summary, we have determined the strain dependence

of the upper critical fields of Sr2RuO4 for uniaxial pressures
along the a axis between zero strain and the Van Hove strain.
This was achieved by an improved sample preparation process
and a size reduction of the susceptometer, which overcame
some of the challenges of strain inhomogeneity. We find that
the in-plane upper critical field exhibits a linear dependence
in Tc, expected for a Pauli limited field HP. On the other hand,
the out-of-plane critical field peaks much more sharply than Tc

on approaching the Van Hove strain, which points to a large
superconducting gap coinciding with a small Fermi velocity.
At a similar strain to the sudden rise in Hc2, the temperature
dependence of the out-of-plane upper critical field changes
from a convex to a concave form. The dramatic changes in
the electronic structure and the superconducting properties
occurs close to the Van Hove strain, which implies a large
sensitivity of the upper critical fields to the Lifshitz transition.
Our findings motivate careful study in this range of strain,
studying the critical fields at finely spaced strain values.

The raw data is now available in Ref. [38].
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APPENDIX

1. Background subtraction

In field sweeps, there was a strongly varying background
signal, as shown in Fig. 5(a). This background signal was
frequency dependent but almost independent of temperature,
and present above and below Tc. It differed in magnitude and
sign for both samples, showing that it is an artifact of interac-
tion of the sense coils with the applied field, and not intrinsic
to Sr2RuO4. Figure 5(a) shows raw data from sample 2 for
applied fields −2 T < μ0H < 2 T at a series of compressive
strains. In addition to the background signal, a small hystere-
sis is apparent between field-up and field-down sweeps, due
to flux pinning in the magnet. Despite this background, the
superconducting transition is visible for small strains. With
increasing strain, the transition shifts to larger fields until it
is barely visible for the high strain data. In order to subtract
the background signal, a fourth-order polynomial was fitted
to data at |μ0H | > 1.6 T, independently at each strain and
for the increasing- and decreasing-field data, as shown in
Fig. 5(b). Figure 5(c) shows data at a series of strains after the
background subtraction. A variation of the normal-state level
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FIG. 6. Diamagnetic response against temperature (a) and ap-
plied field (b) at a series of compressive strains up to the Van
Hove strain for sample 1. For the field sweeps, the background was
subtracted as described in detail in the Appendix. The black dashed
lines are 70%, 80%, and 90% thresholds. (c) Tc (squares) and Hc2 at
900 mK (dots) against εxx/|εVHS|. The colors represent the criteria
defined in panels (a) and (b).

on the order of 1 nH indicates that the background subtraction
is not perfect. After subtracting the background, the hystere-
sis was corrected by locating the minima in the diamagnetic
signal [which is the true zero field and is indicated by orange
bars in Fig. 5(d)], and subtracting the field associated with
the minimum. In a final step, the curves were all normalized
independently.

2. Data from sample 1

As noted in the main text, sample 1 had lower strain ho-
mogeneity than sample 2, and broke at the Van Hove strain.
Figure 6 shows ac susceptibility data as a function of temper-
ature and applied c-axis field at a series of compressive strains
up to the Van Hove strain. The data taken in field sweeps
were analyzed with the same procedure as for sample 2. For
this sample, a different cryostat was used, which could apply
a maximum field of only 1.5 T. Since the zero-temperature
upper critical field at the Van Hove singularity is ≈1.5 T,
the strain dependence of Hc2||c was determined at 900 mK.
With increasing strain, Hc2||c shifts to large fields and the
transition broadens due to strain inhomogeneity. Close to the
Van Hove strain, the superconducting transition sharpens due
to the small dTc/dε or dHc2/dε. For sample 1, the transition
sharpens noticeably in field sweeps close to the normal state
level, pointing to overall larger strain inhomogeneity than
sample 2. Hence, we chose 70%, 80%, and 90% criteria to
determine Hc2 and Tc. Figure 6(c) shows Tc (squares) and
Hc2||c at 900 mK (dots) against strain, normalized by the Van
Hove strain.

FIG. 7. (a) Magnetic susceptibility against magnetic field, ap-
plied parallel to the crystalline b axis, at a series of compressive
strains. The data were taken from Ref. [19]. The curves were indi-
vidually normalized. The dashed line is a 70% criterion. (b) Hc2||b
for different criteria at 20 mK against Tc up to the Van Hove strain.
The maximum in the slope of the transition (dark blue) was taken as
a criterion in Fig. 3. In comparison, onset criteria for the transition
at low fields (yellow) and high fields (red) and the 70% criterion
(purple) from panel (a) are shown.

3. Additional data

Finally, we present in Fig. 7(a) the magnetic susceptibility
against field applied along the in-plane b axis at 20 mK.
For better visibility, the curves were individual normalized.
The data were already presented in the Extended Data of
Ref. [19]. Figure 7(b) shows Hc2||b against Tc for different
criteria for the upper critical field. The in-plane upper critical
field is determined by the maximum slope in the transition
(purple) and by a low-end (yellow) and onset (red) criteria of
the transition, as defined in the Extended Data in Ref. [19],
and additionally by a 70% threshold criterion, defined by the
dashed line in Fig. 7(b). All criteria find a linear dependence
of Hc2||b in Tc for a large range of strains, as expected for
a Pauli limited field. Close to the Lifshitz transition, Hc2||b
exhibits a nonlinear behavior in Tc for all criteria, but the
precise form of this nonlinearity is criterion dependent, and so
has not been firmly established. At the Van Hove singularity,
the onset, the threshold, and the dM/dB|max criteria approach
the same value with Hc2||b/Tc > 1, as found in a numerical
study for even-parity order parameters [39] and in agreement
with previous results [2].
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Milosavljević, F. Mazzola, D. A. Sokolov, N. Kikugawa, C.
Cacho, P. Dudin, H. Rosner, C. W. Hicks, P. D. C. King, and
A. P. Mackenzie, npj Quantum Mater. 4, 46 (2019).

[5] M. E. Barber, F. Lechermann, S. V. Streltsov, S. L. Skornyakov,
S. Ghosh, B. J. Ramshaw, N. Kikugawa, D. A. Sokolov, A. P.
Mackenzie, C. W. Hicks, and I. I. Mazin, Phys. Rev. B 100,
245139 (2019).

[6] C. A. Watson, A. S. Gibbs, A. P. Mackenzie, C. W. Hicks, and
K. A. Moler, Phys. Rev. B 98, 094521 (2018).

[7] M. E. Barber, A. S. Gibbs, Y. Maeno, A. P. Mackenzie, and
C. W. Hicks, Phys. Rev. Lett. 120, 076602 (2018).

[8] Y.-S. Li, N. Kikugawa, D. A. Sokolov, F. Jerzembeck, A. S.
Gibbs, Y. Maeno, C. W. Hicks, J. Schmalian, M. Nicklas, and
A. P. Mackenzie, Proc. Natl. Acad. Sci. USA 118, e2020492118
(2021).

[9] Y.-S. Li, M. Garst, J. Schmalian, S. Ghosh, N. Kikugawa, D. A.
Sokolov, C. W. Hicks, F. Jerzembeck, M. S. Ikeda, Z. Hu, B. J.
Ramshaw, A. W. Rost, M. Nicklas, and A. P. Mackenzie, Nature
607, 276 (2022).

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

[11] L. Lyard, P. Samuely, P. Szabo, T. Klein, C. Marcenat, L.
Paulius, K. H. P. Kim, C. U. Jung, H.-S. Lee, B. Kang, S. Choi,
S. I. Lee, J. Marcus, S. Blanchard, A. G. M. Jansen, U. Welp,
G. Karepetrov, and W. K. Kwok, Phys. Rev. B 66, 180502(R)
(2002).

[12] N. Ni, M. E. Tillman, J.-Q. Yan, A. Kracher, S. T. Hannahs,
S. L. Bud’ko, and P. C. Canfield, Phys. Rev. B 78, 214515
(2008).

[13] M. Kano, Y. Kohama, D. Graf, F. Balakirev, A. S. Sefat, M. A.
Mcguire, B. C. Sales, D. Mandrus, and S. W. Tozer, J. Phys.
Soc. Jpn. 78, 084719 (2009).

[14] S. V. Shulga, S.-L. Drechsler, G. Fuchs, K.-H. Müller, K.
Winzer, M. Heinecke, and K. Krug, Phys. Rev. Lett. 80, 1730
(1998).

[15] J. S. Bobowski, N. Kikugawa, T. Miyoshi, H. Suwa, H.-S. Xu,
S. Yonezawa, D. A. Sokolov, A. P. Mackenzie, and Y. Maeno,
Condens. Matter. 4, 6 (2019).

[16] A. P. Mackenzie, R. K. W. Haselwimmer, A. W. Tyler, G. G.
Lonzarich, Y. Mori, S. Nishizaki, and Y. Maeno, Phys. Rev.
Lett. 80, 161 (1998).

[17] Y. Maeno, T. Ando, Y. Mori, E. Ohmichi, S. Ikeda, S. NishiZaki,
and S. Nakatsuji, Phys. Rev. Lett. 81, 3765 (1998).

[18] C. W. Hicks, M. E. Barber, S. D. Edkins, D. O. Brodsky, and
A. P. Mackenzie, Rev. Sci. Instrum. 85, 065003 (2014).

[19] A. Pustogow, Y. K. Luo, A. Chronister, Y.-S. Su, D. A. Sokolov,
F. Jerzembeck, A. P. Mackenzie, C. W. Hicks, N. Kikugawa, S.
Raghu, E. D. Bauer, and S. E. Brown, Nature (London) 574, 72
(2019).

[20] A. M. Clogston, Phys. Rev. Lett. 9, 266 (1962).
[21] K. Ishida, M. Manago, K. Kinjo, and Y. Maeno, J. Phys. Soc.

Jpn. 89, 034712 (2020).
[22] A. N. Petsch, M. Zhu, M. Enderle, Z. Q. Mao, Y. Maeno,

I. I. Mazin, and S. M. Hayden, Phys. Rev. Lett. 125, 217004
(2020).

[23] A. Chronister, A. Pustogow, N. Kikugawa, D. A. Sokolov, F.
Jerzembeck, C. W. Hicks, A. P. Mackenzie, E. D. Bauer, and
S. E. Brown, Proc. Natl. Acad. Sci. USA 118, e2025313118
(2021).

[24] S. Yonezawa, T. Kajikawa, and Y. Maeno, Phys. Rev. Lett. 110,
077003 (2013).

[25] K. Kinjo, M. Manago, S. Kitagawa, Z. Q. Mao, S. Yonezawa,
Y. Maeno, and K. Ishida, Science 376, 397 (2022).

[26] G. Palle (private communication).
[27] Y. Luo, A. Pustogow, P. Guzman, A. P. Dioguardi, S. M.

Thomas, F. Ronning, N. Kikugawa, D. A. Sokolov, F.
Jerzembeck, A. P. Mackenzie, C. W. Hicks, E. D. Bauer,
I. I. Mazin, and S. E. Brown, Phys. Rev. X 9, 021044
(2019).

[28] Y.-S. Li, R. Borth, C. W. Hicks, A. P. Mackenzie, and M.
Nicklas, Rev. Sci. Instrum. 91, 103903 (2020).

[29] T. M. Riseman, P. G. Kealey, E. M. Forgan, A. P. Mackenzie,
L. M. Galvin, A. W. Tyler, S. L. Lee, C. Ager, D. M. Paul, C. M.
Aegerter, R. Cubitt, Z. Q. Mao, T. Akima, and Y. Maeno, Nature
(London) 396, 242 (1998).

[30] P. L. Gammel, L. F. Schneemeyer, J. V. Wasczak,and D. J.
Bishop, Phys. Rev. Lett. 61, 1666 (1988).

[31] M. S. Osofsky, R. J. Soulen Jr., S. A. Wolf, J. M. Broto, H.
Rakoto, J. C. Ousset, G. Coffe, S. Askenazy, P. Pari, I. Bozovic,
J. N. Eckstein, and G. F. Virshup, Phys. Rev. Lett. 71, 2315
(1993).

[32] G. Fuchs, K.-H. Müller, A. Handstein, K. Nenkov, V. N.
Narozhnyi, D. Eckert, M. Wolf, and L. Schultz, Solid State
Commun. 118, 497 (2001).

[33] A. Schilling, R. A. Fisher, N. E. Phillips, U. Welp, D. Dasgupta,
W. K. Kwok, and G. W. Crabtree, Nature (London) 382, 791
(1996).

[34] G. Kotliar and C. M. Varma, Phys. Rev. Lett. 77, 2296 (1996).
[35] T. Koyama and M. Tachiki, Phys. C (Amsterdam, Neth.) 263,

25 (1996).
[36] R. G. Dias and J. M. Wheatley, Solid State Commun. 98, 859

(1996).
[37] A. Chronister, M. Zingl, A. Pustogow, Y. Luo, D. A. Sokolov,

F. Jerzembeck, N. Kikugawa, C. Hicks, J. Mravlje, E. Bauer,
J. D. Thompson, A. P. Mackenzie, A. Georges, and S. Brown,
npj Quantum Mater. 7, 113 (2022).

[38] https://doi.org/10.17630/3506a4dc-18ea-43a2-916d-
54fe6b4f76f3.

[39] Y. Yu, S. Brown, S. Raghu, and K. Yang, Phys. Rev. B 102,
014509 (2020).

064509-7

https://doi.org/10.1126/science.1248292
https://doi.org/10.1126/science.aaf9398
https://doi.org/10.1038/s41467-022-32177-4
https://doi.org/10.1038/s41535-019-0185-9
https://doi.org/10.1103/PhysRevB.100.245139
https://doi.org/10.1103/PhysRevB.98.094521
https://doi.org/10.1103/PhysRevLett.120.076602
https://doi.org/10.1073/pnas.2020492118
https://doi.org/10.1038/s41586-022-04820-z
https://doi.org/10.1103/PhysRev.147.295
https://doi.org/10.1103/PhysRevB.66.180502
https://doi.org/10.1103/PhysRevB.78.214515
https://doi.org/10.1143/JPSJ.78.084719
https://doi.org/10.1103/PhysRevLett.80.1730
https://doi.org/10.3390/condmat4010006
https://doi.org/10.1103/PhysRevLett.80.161
https://doi.org/10.1103/PhysRevLett.81.3765
https://doi.org/10.1063/1.4881611
https://doi.org/10.1038/s41586-019-1596-2
https://doi.org/10.1103/PhysRevLett.9.266
https://doi.org/10.7566/JPSJ.89.034712
https://doi.org/10.1103/PhysRevLett.125.217004
https://doi.org/10.1073/pnas.2025313118
https://doi.org/10.1103/PhysRevLett.110.077003
https://doi.org/10.1126/science.abb0332
https://doi.org/10.1103/PhysRevX.9.021044
https://doi.org/10.1063/5.0021919
https://doi.org/10.1038/24335
https://doi.org/10.1103/PhysRevLett.61.1666
https://doi.org/10.1103/PhysRevLett.71.2315
https://doi.org/10.1016/S0038-1098(01)00157-0
https://doi.org/10.1038/382791a0
https://doi.org/10.1103/PhysRevLett.77.2296
https://doi.org/10.1016/0921-4534(96)00026-3
https://doi.org/10.1016/0038-1098(96)00183-4
https://doi.org/10.1038/s41535-022-00519-6
https://doi.org/10.17630/3506a4dc-18ea-43a2-916d-54fe6b4f76f3
https://doi.org/10.1103/PhysRevB.102.014509

