Potential Major Improvement in Superconductors for High-Field Magnets
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Fusion reactors are limited by the magnetic field available to confine their plasma. The commercial fusion indus-
try uses the larger magnetic field and higher operating temperature of the cuprate superconductor YBa;CuzOr_;5
(YBCO) in order to confine their plasma into a dense volume. A superconductor is a macroscopic quantum state
that is protected from the metallic (resistive) state by an energy gap. Unfortunately, YBCO has an anisotropic gap,
known as D-wave because it has the shape of a dx2_y> chemical orbital. This D-wave gap means that poly-crystalline
wire cannot be made because a few degree misalignment between grains in the wire leads to a drastic loss in its
supercurrent carrying ability, and thereby its magnetic field limit. The superconductor industry has responded
by growing nearly-single-crystal superconducting YBCO films on carefully prepared substrate tapes kilometers in
length. Heroic development programs have made such tapes commercially available, but they are very expensive
and delicate. MRI magnet superconductors, such as NbTi and Nb3Sn, are formed into poly-crystalline wires because
they have an isotropic gap in the shape of an s chemical orbital (called S-wave) that makes them insensitive to grain
misalignment. However, these materials are limited to lower magnetic fields and liquid-He temperatures. Here, we
modified YBCO by doping the Y site with Ca and Ce atoms to form (Y;_x_yCa;Ce,)Ba;Cu3zO7_s, and show evidence
that it changes to an S-wave gap. Its superconducting transition temperature, T., of ~ 70K, while lower than that
of D-wave YBCO at ~ 90K, is easily maintained using common, economic cryogenic equipment.

In the popular press, T is considered the most important figure-of-merit of a superconductor. This line of thinking assumes that a
higher T, always leads to better technology because the main obstacle is the cooling cost. In fact, the maximum sustainable magnetic
field at the operating temperature and the cost and reliability of making kilometers of wire are far more important for current and
near-future technologies [I]. Since YBCO can sustain higher magnetic fields at higher temperatures than NbTi or NbsSn, the biggest
problem with YBCO is making long wires. Thus a natural question to ask is, “Can we lower the T, of D-wave YBCO in order to
expose an S-wave YBCO gap phase that will intrinsically perform better when made into poly-crystalline wires?”

It is known [2] that non-magnetic impurities smear out the superconducting gap anisotropy. For a D-wave superconductor, this
gap smearing reduces its gap anisotropy, and thereby its T, [3]. Smearing an isotropic gap has no affect on the overall gap isotropy.
Thus, non-magnetic impurities do not affect the T, of S-wave superconductors [4]. Hence, the plan in this paper is to add sufficient
non-magnetic impurities to YBCO such that the D-wave T becomes smaller than the S-wave T..

Figure[[]shows the two possible scenarios for the S-wave T, of YBCO relative to its D-wave T.. Figure[Th is the consensus expectation
that the S-wave T. is so small such that, if ever uncovered, it would be practically useless due to cooling costs. Figure [Ip is our
conjecture for where the S-wave T. is located [5]. If Figure|lp is true, then there is enormous value to current magnet technologies in
uncovering this S-wave phase of YBCO.

To decide between Figure and Figure [Ip, three experiments were performed on YBCO samples with different concentrations
of non-magnetic impurities. Each experiment was chosen because it analyzed a distinct fundamental physical characteristic of the
superconducting gap.
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Fig. 1 | Is a technologically useful YBCO S-wave superconductor hiding just below the difficult to manage D-wave YBCO?
(a) shows the consensus belief that any S-wave YBCO phase would have its T below 1 K, and thus would not be a useful technology. (b)
shows our conjecture that an S-wave phase in YBCO exists at ~ 70 K. If true, unearthing this phase would have huge implications for
high-magnetic-field applications. Here, we tried to “push down” the D-wave phase T., while not affecting the S-wave phase T.. Our approach
is to add non-magnetic Ca and Ce atoms to YBazCuzO7_s to form (Y1—x—yCaxCey)BasCuszOr_s [hereinafter, denoted by (X,Y)]. Our
experimental results are shown in Figures 2] [8] and [d] Table [ summarizes the results. Taken together, they suggest that an S-wave YBCO
phase does exist at ~ 70 K.
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I. THREE EXPERIMENTS TO DISTINGUISH BETWEEN D-WAVE AND S-WAVE GAP SYMMETRIES

The superconducting gap is represented by a complex number that is a function of direction with respect to the crystal axes of
YBCO. It has magnitude and phase in every direction. The gap is invariant to an overall phase change. The T, is proportional to the
maximum magnitude of the gap. For S-wave and D-wave gap symmetries, the gap function can be taken to be real in every direction.
An S-wave gap is positive, while a D-wave gap is positive and negative with a zero in-between. The D-wave gap in YBCO has zeros,
or nodes, along directions 45° from the axes along the Cu-O bond directions in the CuQOs planes and opposite signs along the two
perpendicular Cu-O bond directions.

As described above, the T, of D-wave YBCO should fall with increasing non-magneic impurities while the T, of an S-wave YBCO
phase should remain approximately constant with varying impurity concentrations. The first experiment measures the T. evolution
with impurity concentration. The results of the experiment are shown in Figure 2| with additional details of the experiment below.

The second experiment looks for the existence of a sign change in the gap in order to distinguish a D-wave gap from and S-wave
gap. A D-wave gap leads to a zero-bias conductance peak (ZBCP) in Point-Contact-Andreev-Reflection (PCAR) tunneling current,
while an S-wave gap has no ZBCP. The results of this experiment are shown in Figure |3| with additional details below.

The third experiment searches for nodes in the superconducting gap by measuring the evolution of the superconducting penetration
depth, A as a function of temperature, T, at low-temperatures. A D-wave gap has nodes and will lead to A ~ T, and an S-wave gap
leads to A ~ T? because it has no nodes [6]. The results of this experiment are shown in Figure [4| with additional details below.

The non-magnetic impurities used in this paper are Ca atoms that substitute at the Y sites in a +2 oxidation state, and Ce atom
that substitute at the Y site in a +4 oxidation state. Both of these atoms are non-magnetic. Since the oxidation state of Y in YBCO
is +3, Ca and Ce have a —1 and +1 charge relative to the Y atoms, respectively. Also, the ionic radii of Ca (+2), Ce (+4), and Y
(+3) are very close. They are 1.00 A, 1.11 A, and 1.02 A, respectively. Thus Ca and Ce atoms do not strain YBCO. This Ca and Ce
charge “counter-doping” has the benefit of permitting very large amounts of non-magnetic dopants to substitute at the Y site. Large
doping is desirable since we want to push the D-wave T, down as far as possible in order to increase our chances of unearthing the
S-wave gap phase.

There were many other potential non-magnetic atoms. We chose Ca and Ce because they both substitute at the Y site of YBCO,
Ca-doped YBCO is a superconductor [7, [§], and Ce-doped YBCO is also a superconductor [9]. For both Ca and Ce doping, the T, is
only modestly lower than pure YBCO.

Samples of (Y;_x_yCaxCey)BasCu3zO7_s [hereinafter, denoted by (X,Y)] for (X,Y) = (0.0, 0.0), (0.13, 0.0), (0.13, 0.13), (0.26,
0.13), (0.32, 0.16), (0.36, 0.16), (0.26, 0.26), (0.29, 0.29), and (0.32, 0.32) were synthesized. Since pure YBCO, (0,0) in our notation,
has a superconducting T, dome that rises from zero, peaks, and then decreases as the number of Oxygen atoms in the CuO chains
increases, we expect that all (X,Y) samples will have similar T, domes [I0].

Many low-temperature anneals were done on each sample to change the Oxygen content and thereby obtain the maximum Tk,
(T¢ max) value for each (X,Y) for all samples reported in this paper. Extended Data Figures and Extended Data Tables [[I| and
[[TT) are materials characterization data that show the samples are single-phase with the stated composition.
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Fig. 2 | Evolution of the maximum superconducting Tc max vs Ca and Ce counter-doping in YBCO compared to D-wave
theory predictions. Blue points are T max which initially drops with counter-doping and then “saturates” at ~ 72 K. Saturation of T¢ max
suggests the known D-wave of pure YBCO has changed to S-wave because the T. of S-wave superconductors is only weakly dependent on
non-magnetic counter-doping [4] (Anderson’s Theorem). Tc max is the maximum T. for each (X,Y) after low-temperature annealing that
changes the Oxygen content of the sample. Red and green points are the predicted T¢ max results. Red points assume simple pair-breaking,
where Ca and Ce atoms lead to identical pair-breaking strengths. Green points assume that Ca and Ce atoms are close together in the material
because Ca and Ce have +1 and —1 charges relative to Y, respectively (hence, the name “dipole pair-breaking”). Details are given in the
Supplement [I1I]. The red and green points do not explain the experiment (blue points) suggesting that highly counter-doped YBCO is an
S-wave superconductor.



A. Evolution of the maximum T. with impurity concentration

Figure [2 shows the maximum superconducting T¢ max as a function of (X,Y) counter-doping. It shows that T jax initially falls,
as expected for a D-wave superconductor, and then “saturates” at higher doping. The red and green plots are the results of two
different theoretical models, using Abrikosov-Gorkov theory [2], [3], for the drop in T, versus counter-doping if all the samples remained
D-wave [1I]. The saturation of the measured T, max (blue points) is not compatible with D-wave superconductivity predictions and
suggests that highly counter-doped YBCO is an S-wave superconductor.

A very important detail of this experiment is that the maximum T, for each counter-doping was used. Tallon et al. [12] T3] showed
that the T. dome of cuprate superconductors corresponds to the hole doping in the CuOg planes and that this hole doping leads
to a unique room-temperature thermopower. From these two relations, T max is predicted to occur when the room-temperature
thermopower is ~ +2 pV/K. For all (X,Y) values, this relation was found to be true. We conclude that for each (X,Y), the number
of holes in the CuO; planes is the same when the transition temperature is maximum. Therefore, any change in T max as a function
of (X,Y) is not due to changes in the Fermi level, Fermi surface, or hole doping in the CuOs planes.

B. Evolution of a zero-bias-conductance peak in Point-Contact-Andreev-Reflection

The second experiment looked for a sign change in the superconducting gap using Point-Contact-Andreev-Reflection [14] (PCAR).
PCAR measures the tunneling current from a normal metal (in this case Cu) point contact into the superconductor. The normal
metal has a continuum of states in the neighborhood of the Fermi level, whereas the superconductor has its energy gap centered on its
Fermi level. Thus no normal current can tunnel from the normal level into the superconductor for bias voltages less than half the gap.
However, there are normal states in a D-wave superconductor in the regions where its gap changes sign, and electrons from the normal
metal tip can tunnel into these states, thereby showing a sharp peak near zero bias voltage, known as the zero-bias conductance peak
(ZBCP) [I5] [I6]. An S-wave gap has no sign change and hence no ZBCP in PCAR. See Figure

The figures shows representative conductance plots from many spectra for (0,0) and (0.32,0.32). Since (0, 0), pure YBCO, is D-wave,
a ZBCP is seen, as expected. For heavily counter-doped (0.32,0.32), no ZBCP was found. We conclude that PCAR suggests highly
counter-doped YBCO is an S-wave superconductor.
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Fig. 3 | Point-Contact-Andreev-Reflection [20] (PCAR) on pure YBCO, or (X,Y) = (0,0), and (X,Y) = (0.32,0.32). A ZBCP in
PCAR is a signature of a D-wave phase. No ZBCP is expected for an S-wave phase. This experiment searches for a sign change in the
superconducting gap. (a) A ZBCP is seen for pure YBCO, as expected, since it has a D-wave gap. (b) No ZBCP is seen for

(X,Y) = (0.32,0.32), suggesting it has an S-wave gap. These curves are representative of several measurements on each sample.

C. Evolution of the low-temperature penetration depth

The third experiment searched for nodes in the superconducting gap by the measuring the evolution of the superconducting pene-
tration depth, A, as a function of temperature, T. A D-wave gap has nodes leading to A ~ T. An S-wave superconductor in the London
limit (short coherence length) has A ~ T? because it does not have nodes [6].

Figure |4| shows the changes in inductance, L, of a pancake coil placed on top of (X,Y) samples for (X,Y) = (0,0), (0.13,0),
(0.36,0.16), and (0.32,0.32). Changes in L are proportional to changes in the superconducting penetration depth, A [I1I]. The (0, 0)
and (0.13,0) are known D-wave gap materials. Hence, we expect that their L changes linearly with T, as observed. We find L ~ T2
for (0.36,0.16) and (0.26,0.26) leading to A ~ T for both samples, as expected for an S-wave gap superconductor.
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Fig. 4 | Evolution of the measured superconducting penetration depth change as a function of the normalized temperature,
as seen by the change in inductance. The figure shows the change in inductance for two known D-wave gap phases, pure YBCO,

(X,Y) = (0,0) (green), (X,Y) = (0.13,0.0) (blue), and two phases with (X,Y) = (0.36,0.16) (black) and (0.26,0.26) (red). For clarity, the black
data are shifted downward by 3 nH and the red data are shifted downward by 5 nH. The data points are the measured inductance with +3¢
error bars. The x-axis is the ratio T/T¢ max where T max is the maximum superconducting temperature from Figure For all curves, the
change in inductance was measured from 4 K to 26 K. In the Supplement [I1], we show that the measured change in inductance is proportional
to the change in penetration depth of the superconducting sample, and also estimate many sources of errors in this measurement. The
extrapolated 7' = 0 K inductance values are 19.276 pH, 20.623 pH, 20.349 pH, and 21.243 pH for (0, 0), (0.13,0), (0.36,0.16), and (0.26,0.26),
respectively. The solid blue and green curves are linear in 7T fits and the black and red curves are T? fits to the data. A linear T evolution of
the penetration depth is expected for a D-wave gap and T2 is expected for an S-wave gap. The green and blue curves show that YBCO with
(X,Y) = (0.0,0.0) and (0.13,0.0) are D-wave, as expected. The black and red curves suggest that (X,Y) = (0.36,0.16) and (0.26,0.26) are
S-wave gap phases of YBCO.

The changes in L in Figure [4] are several 10s of nanoHenrys. The magnitude of the extrapolated L at T' = 0 is ~ 20 uH for the four
curves. A 1 nH change is a relative L change of ~ 5 x 107°, making this experiment the most difficult of the three experiments in
Figures and 4] A detailed description of this experiment and estimates of many potential errors is in the Supplement [I1].

A possible D-wave gap explanation for A ~ T2 exists. Hirschfeld et al. [2] showed that a D-wave superconductor with non-magnetic
impurities can lead to A ~ T? for T' < T*, where T* depends on the magnitude of single impurity scattering (in our case, a single Ca
or Ce atom) and the ratio of T max for (X,Y) to T¢ max for (0,0) (pure YBCO). For T' > T*, the theory predicts A ~ T. Since Ca
and Ce impurities reside at the Y site in YBCO and this site is not in the CuQO planes, where most of the density of the metallic
band is located, the magnitude of single impurity scattering is small [I7]. Extended Data Figure [4 shows that the theory prediction [2]
for weak (Born) scattering plus the T¢ max values measured in Figure [2f lead to the conclusion that T* <« 1 K for our experiment.
Hence, a D-wave superconductor with impurity scattering does not explain the observed A ~ T? up to 26 K as seen for (0.36,0.16)
and (0.26, 0.26).

D. Summary of the three experiments

Table [ summarizes the findings from the three experiments in Figures and [l In all three experiments, the results favored a
crossover from a D-wave gap at low counter-doping to an S-wave gap at high counter-doping. These results imply that Figure [Tp is
correct—a technologically useful S-wave superconducting gap YBCO phase resides at ~ 70 K in YBCO heavily counter-doped with
Ca and Ce impurities.

We found two papers in the literature where a crossover from D-wave superconductivity to S-wave was seen. First, in 2001, Yeh
et al. [I8] observed a d + s superconducting gap symmetry for highly doped (Y(.7Cag 3)BasCu3zO7_s with T. =78 £2 K. In our
notation, this sample has (X,Y) = (0.3,0.0). From Figure [2| the T. measured by Yeh et al., falls on the blue line for T max and is in
the crossover region between a D-wave gap to an S-wave gap.

Second, in 2012, Reid et al. [19] found a crossover from a D-wave superconducting gap in the iron-pnictide KFesAss to an S-wave
gap in (Bag gKg.4)FeaAsy. The authors of this paper attribute the gap symmetry change to a change in the Fermi surface and Fermi
level between the two pnictide samples. In our samples, we believe the gap symmetry has changed without altering the Fermi surface
or the Fermi level.



Table I | Summary of the results of thre experiments on the gap symmetry. All three experiments suggest that Ca and Ce doped
YBCO has changed from D-wave to an S-wave phase at high Ca and Ce counter-doping.

Figure Physical Experiment Expected for Expected for Result
Property D-wave S-wave
Superconducting Te change with T. decreases with T. weakly dependent |S-wave
gap magnitude non-magnetic counter-doping |increasing counter-doping| on counter-doping
Superconducting Point-Contact- Zero-Bias Conductance No ZBCP S-wave
gap phase Andreev-Reflection (PCAR) Peak (ZBCP)
Superconducting Penetration depth, A, A~T A~ T2 S-wave
zero-energy excitations dependence at
low temperature, T'

II. CONCLUSIONS

The intent of this paper was to search for an S-wave gap symmetry YBCO phase beneath the known D-wave gap YBCO phase at
~ 90 K and determine its superconducting transition temperature. Our conjecture was that an S-wave YBCO phase was at ~ 70 K,
and if true, will have huge implications for making high-field magnets using poly-crystalline superconducting wires. To test this
conjecture, we counter-doped YBCO with Ca and Ce impurities, performed three experiments to study the superconducting gap
symmetry, and found evidence suggesting that an S-wave gap symmetry phase does exist at ~ 70 K in all three experiments (see
Table [I)).

A potential S-wave gap symmetry crossover in Ca and Ce counter-doped cuprate, YBasCuyOg (Y124) should be studied. Y124
is a stoichiometric crystal that is much more three-dimensional than YBCO (vastly improved conduction normal to its CuOs plane
compared to YBCO). Y124 is intrinsically underdoped. Doping with 0.1 Ca brings Y124 up to optimal doping (highest T.). Hence,
counter-doping with 0.1 more Ca than Ce is desired for the highest T,.

Poly-crystalline counter-doped wires of Y124 will be mechanically strong. Using the metallic precursor method [2I] to form poly-
crystalline wires of Y124 is already known to lead to grain alignments < 10° normal to the CuOs planes and grain alignments < 15°
in the planes. While these grain mis-alignments made D-wave poly-crystalline Y124 impractical, a counter-doped Y124 that becomes
S-wave may have a very large supercurrent density using this mature manufacturing process.

The results in this paper were obtained on poly-crystalline counter-doped samples. Ideally, one would like to repeat these experiments
and additional experiments on single-crystals. The change in critical current density as a function of grain misalignment should also
be measured to determine how much supercurrent can be transported in poly-crystalline wires.

Poly-crystalline wires should be synthesized and characterized. Two methods exist for making poly-crystalline wires from cuprates:
Powder-in-Tube [22H24] and metallic precursors [21], 25H27]. If there is a large improvement in the supercurrent carrying ability of
these wires, then an enormous opportunity exists for creating new and useful practical wires for high-magnetic field applications on a
short timescale.
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EXTENDED DATA FIGURES
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Ext. Data Fig. 1 | X-ray diffraction (XRD) patterns for (Yi;_x—yCaxCey)BazCu3zO7_; [hereinafter, denoted (X,Y)] for (X,Y)
ranging from pure YBCO, or (X,Y) = (0,0), up to (X,Y)=(0.32, 0.32). There is a small amount of alien phase seen below 30° for the
three X =Y samples, (0.26,0.26), (0.29,0.29), and (0.32,0.32). Otherwise, the samples are single-phase. See Extended Data Figures |2/ and
and Extended Data Tables [T and [[T]}

Table II | Rietveld x-ray occupation of Ca and Ce atoms on Y for (X,Y) = (0.26, 0.13), (0.32, 0.16), and (0.36, 0.16). These
results show that the Ca and Ce atoms have substituted onto the Y site and that the measured composition is close to the desired composition.

(0.26, 0.13) (0.32, 0.16) (0.36, 0.16)
Element | Expected Refined |Expected Refined |Expected Refined
Y 0.61 0.61 0.52 0.52 0.48 0.48
Ca 0.26  0.255(4)| 0.32  0.300(4)| 0.36  0.348(3)
Ce 0.13 0.135(4)| 0.16 0.180(4)] 0.16  0.172(3)
Ba 2 2 2 2 2 2
Cu 3 3 3 3 3 3
(0] 7 7 7 7 7 7
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Table IIT | Phase composition of (X,Y) = (0.26, 0.13), (0.32, 0.16), and (0.36, 0.16) in weight % as determined by Rietveld
x-ray diffraction. In these samples, the alien phase is BaCuOa.

Phase Composition
(weight %)
(0.26, 0.13) (0.32, 0.16) (0.36, 0.16)
(YCaCe)BasCusOr_s| 98.3(6) 98.3(6) 97.1(5)
BaCuO2 1.66(6) 1.67(6) 2.85(5)

Ce Lal Ca Kal

|10pmI

Ext. Data Fig. 2 | Back-scattered scanning-electron-microscopy (BSE-SEM) and energy-dispersive X-ray (EDX) analysis of
(X,Y) = (0.26, 0.26). The BSE-SEM picture on the left shows no significant contrast differences that would suggest large grains of
secondary phases. The Ce Lal and Ca Kal EDX distributions in the two right figures show that Ca and Ce are dispersed throughout the
sample with similar distributions. This similarity implies that the grains have X ~ Y. This finding is important in order to verify that the
“saturation” of the T. values on the right-hand side of Figure [2| are not due to an incorrect assignment of the (X,Y) values of the sample.
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Ext. Data Fig. 3 | EDX mass sum spectrum of an (X,Y) = (0.26, 0.26) sample. The atomic % of each element is shown in the inset.
From these values, we infer that Ca: Ce=1:1,Ca:Y =1:2, and (Y,Ca,Ce) : Ba: Cu: O =1:2:3:6 within experimental error. Hence,
the synthesized (X,Y’) = (0.26,0.26) sample is close to the desired starting composition. This figure combined with Extended Figure [2| shows
that the “saturation” of Tt in Figure [2] extends over a broad counter-doping range, as expected for an S-wave YBCO phase. The plot shows the
spectrum up to 12 keV. The data was taken up to 15 keV. There were no large peaks above 12 keV. The large peak at 0 keV is the
instrumental response and does not correspond to any element. The Al peak at =~ 1.5 keV is due to the sample holder.
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Ext. Data Fig. 4 | Theoretical calculation of the temperature, T*, for the crossover from a A ~ T? penetration depth for

T < T* and a linear A ~ T for T > T" as a function of c, the cotangent of the scattering phase shift, §, per impurity (Ca or
Ce) arising from non-magnetic counter-doping in a D-wave superconductor. Non-magnetic impurity scattering in a D-wave
superconductor leads to A ~ T? for T < T* because it creates a residual density of states for excitations at zero-energy. The curves in this figure
are calculated from the theory of Hirschfeld and Goldenfeld [2] using the T. values measured in Figure|2] For each ¢ value and the ratio of T.
for sample (X, Y) to the T, of pure YBCO, the crossover temperature T* is calculated. The horizontal line at 26 K in the figure is the maximum
temperature of the penetration depth experiment. Since A ~ T2 for the (0.36,0.16) and (0.26,0.26) samples all the way up to the maximum
temperature of the experiment, the largest possible scattering strength is ¢ & 0.55 in order that T* > 26 K. Since the Ca and Ce atoms
substitute at Y sites that reside out of the CuOgz planes in YBCO, the scattering is weak (Born) scattering [I7]. Born scattering implies ¢ > 1.
Hence, the observed A ~ T2 for (0.36,0.16) and (0.26,0.26) cannot be explained by non-magnetic impurity scattering of D-wave counter-doped
YBCO. Therefore, the penetration depth experiment in Figure E| suggests an S-wave YBCO phase at high Ca and Ce counter-doping.

METHODS
Materials Synthesis

The following chemicals were used for the synthesis of all the cuprate precursors: BaCOgs (99.8% purity), Y203 (99.99%), CuO
(99.9%), CeO2 (99.9%), and CaCOg3 (99.8%). The initial powders were mixed and homogenized in elemental ratios. Precursor powders
were prepared by conventional multi-step solid-state reaction. The raw materials were mixed together and calcined in batches of several
hundreds of grams. The calcination of YBCO-123 precursors were done in five steps at temperatures of 850 C, 870 C, 880 C, 890 C
and 910 C with intermediate homogenization. Calcination of the counter-doped (Ca/Ce - YBCO) precursors had to be optimized to
ensure correct phase formation and to avoid any liquid phase (Ba-Cu-O) loss. The final process was a function of the doping level. In
all cases they include 2 low temperature calcinations in a powder form (850 C, 870 C), two calcinations in pre-pressed form (890 C,
910 C; 40g pellets, diameter 28 mm, uniaxial pressing) and several sinterings at 910 C (40g pellets, diameter 28 mm, uniaxial pressing
+ cold isostatic pressing). The progress of calcination was monitored by x-ray diffraction (XRD) to obtain maximal phase purity, as
shown in Extended Table An x-ray Rietveld analysis was performed on (Y;_x_yCaxCey)BasCusO7_s with (X,Y) = (0.26, 0.13)
and (0.32, 0.16) to ensure that the Ca and Ce atoms substituted onto the Y sites (see Extended Table .

For the (0.26, 0.26), (0.29, 0.29), and (0.32, 0.32) samples, raw materials were mixed into a batch of 1 kg and milled using a
vibratory disc mill. First, the powder was calcined at 850 C and 870 C, with a temperature ramp of 12h and a hold of 72h at ambient
atmosphere. The powder was then uniaxially pressed into pellets (40g, 32mm diameter) with a force of 6 tons and subsequently
pressed isostatically at 300 MPa. The pellets were sintered 4 times (once at 890 C and 3 times at 910 C with a ramp of 12h and hold
of 48h for all sintering cycles). The pellets were crushed and milled between the sintering cycles to achieve high homogeneity, followed
by the same pressing process.

BSE-SEM and EDS were performed on the (0.26, 0.26) sample. The morphology was investigated using SEM with a FEG electron
source (Tescan Lyra dual beam microscope, TESCAN Brno, s.r.o0.). Elemental composition and mapping were performed using an EDS
analyzer (X-MaxN) with a 20 mm? SDD detector (Oxford Instruments, High Wycombe, UK) and AZtecEnergy software. Elemental
maps were measured 5 times with an acquisition time of 100 sec. To conduct the measurements, the samples were placed on a carbon
conductive tape and a BSE detector was used to obtain the SEM photography. The acquisition time for each photograph was set to
22 sec. SEM and SEM-EDS measurements were carried out using a 15 kV electron beam. These measurements were done on several



locations with magnification from 5,000x to 30,000x, yielding the same data regardless of the location and magnification.

Poly-crystalline cylindrical (Y1_x—yCayxCe,)BagCusOr_s pellets with diameter 15 mm and height 6 mm for (X,Y) = (0.0, 0.0), (0.13,
0.0), (0.13, 0.13), (0.26, 0.13), (0.32, 0.16), (0.36, 0.16), (0.26, 0.26), (0.29, 0.29), and (0.32, 0.32) were synthesized. Further annealing
at low temperatures (T < 400 C) was performed in the gases Air, Oxygen, Ozone, Argon, and Hydrogen in order to change the doping
in the grains and grain boundaries. Over 60 different anneals were performed on over 100 samples during the course of this work. The
length of the anneals varied from a few hours to several weeks. We found that every single sample we checked had a superconducting
transition. This observation shows that superconductivity in Ca and Ce doped (Y1_x—_yCayxCey)BagCu3O7_s is remarkably robust.
The room-temperature thermopower was measured for each pellet after the low-temperature anneals to determine the CuQO; plane
hole doping level by applying the thermopower relation between thermopower and doping discovered by Tallon et al. [12], [13]. We
found the maximum T, occurs at the thermopower (= +2 ©V/K) predicted by this relation.

Description of the Experiments

The superconducting transition temperature, T, and the temperature dependence of the penetration depth, A, were measured by
the change in inductance of a coil placed on the sample at a fixed frequency of 500 kHz. For the T, values in Figure [2] we made a
40-turn pancake coil with inner diameter of 5 mm and outer diameter of 8 mm. For A shown in Figure 4l we made a 100-turn pancake
coil with inner diameter of 5 mm and outer diameter of 15 mm. The room-temperature inductance of the 40-turn and 100-turn coils
at 100 kHz is 9.9 pH and 81.9 uH, respectively.

Both coils are made from non-magnetic Phosphor-Bronze (CuSnP alloy) magnet wire with diameter 150 ym. We used Phosphor-
Bronze because it has a large resistivity (~ 8.9 pf2-cm) that changes less than 0.2 % from zero-temperature up to 26 K. Its skin depth
at 500 kHz is ~ 225 um. The skin-depth is larger than the diameter of the wire. Hence, changes in the coil inductance due temperature
dependent skin-depth changes can be neglected.

There is a redistribution of the current density in the cross-section of the wire due to the proximity effect arising from the diamagnetic
screening currents in the superconducting sample. This effect pulls the current distribution in the coil wire towards the sample. We
find that it increases the coil resistance by ~ 80 % between the normal state and the low temperature superconducting state leading
toa~1—(1/1.8) =44 % reduction in the cross-sectional area of the Phosphor-Bronze wire that carries current. The important point
is that, while this current distribution is different from the normal state current distribution, it changes the derivative of the coil
self-inductance with penetration depth, dL/d\, negligibly over the temperature range of the A experiment [II]. Hence, it does not
change the shape of the L curves in Figure [

A Cu block with resistive heating elements inside was mounted on the cold head using Silver paste as the thermal contact. A
Cernox™ semiconducting thermometer was mounted on the Cu block. The samples were pressed onto the Cu block using Apiezon-N
grease.

The coil was kept in contact with the sample by the force from two small springs. The force from the springs was adjusted such
that there was enough force to keep the coil on the sample while maintaining a small enough coil-to-sample force so that the thermal
resistance between the coil and sample was large. This adjustment reduces uncertainties in the sample temperature arising from its
contact with the coil that may be at a different temperature. Estimates of the thermal diffusivity of the samples and the thermal
resistance between the coil and sample can be found in the Supplement [11].

All our quoted T. values are the onset T, rather than the midpoint T. because T.(onset) was more consistent with the measured
room-temperature thermopower. T.(midpoint) was found to be sensitive to the nature of the low temperature annealing. Hence, the
results in Figure |2| are the maximum onset T, for each (X,Y) = (Ca,Ce) doping.

In Figure [4 the change in inductance, L, with temperature is plotted rather than the change in A\ with temperature because
the constant derivative, dL/dA, is known only approximately due to uncertainties in the coil-to-sample distance. Since the shape
of the change in L is the same as the shape of the change in A, the gap symmetry question can be answered without knowing
dL/dA. From microwave measurements of the change in the penetration depth [28] of YBCO and the corresponding data in Figure
dL/dA =~ 2.0 nH/nm. A schematic of the experiment and the details of the method to extract the coil L from reflection coefficient
measurements is in the Supplement [11].

The change in the penetration depth (measured as a change in inductance, L) was obtained for many samples. The L was measured
as the sample was cooled down from 26 K to 4 K and then reheated back to 26 K. If the hysteresis in L. was large, the run was
rejected. The quoted L values average the cool down and warm up sweeps. Most of these samples had changes in inductance over
the temperature range of 4 — 26 K that was a few times larger than the ~ 20 nH change found for pure YBay;Cu3zO7_5 (see Figure [4]).
These samples were also rejected, despite having relatively sharp T. transitions, because it was possible that a small fraction of
grains inside the sample had T, < 26 K, leading to an increase in inductance with temperature due to superconductor-normal phase
transitions during the experiment.

The two additional issues that could affect the measurement are coil heating and the effect of the temperature dependence of the
critical-current density of the Josephson junctions formed at the grain boundaries, J.(Josephson). These two effects may lead to
non-intrinsic temperature changes in the total inductance. All A experiments were done at transmit power of —40 dBm = 0.1 pW.
Approximately half of this power was absorbed and the remainder was reflected back to the Vector Network Analyzer (VNA). Additional
experiments were run at —50 dBm = 0.01 gW and —30 dBm = 1 yW. No change in the measured inductance was found between the
—40 dBm and —50 dBm runs, indicating that the superconducting shielding currents in the sample were less than J.(Josephson) and
that there was negligible coil heating. The Supplement [I1] estimates possible errors. The Supplement [11] also describes the data
acquisition with the VNA and our procedure for calculating the error bars for L in Figure [4]

The Point-Contact-Andreev-Reflection (PCAR) data were obtained using a Cu tip that was attached to a rod driven by a micrometer.
Measurements of the current-voltage (I-V) and differential conductance (dI/dV) characteristics were made using a conventional four-
terminal probe arrangement with the conductance data obtained using a standard ac lock-in technique at a frequency of 10 kHz. The
point contacts and samples were immersed in a liquid helium bath at 4.2 K. Further details of the measurement technique can be
found in reference [20].
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I. EXTRACTING THE IMPEDANCE FROM THE TWISTED-COAXIAL CABLE EXPERIMENT

The goal of the experiment is to obtain the impedance of the coil/sample as a function of temperature from the
complex reflection coefficient measured at the Vector Network Analyzer (VNA) at the chosen fixed frequency. The
imaginary part of the impedance is wL where w is the angular frequency and L is the desired inductance. The angular
frequency is w = 27 f, where f is the applied frequency. We used f = 500 kHz. The change in L with temperature is
proportional to the change in the penetration depth.

If there was no coaxial cable between the VNA and the coil/sample, then a measured reflection coefficient of the
coil/sample of T' translates into a coil/sample impedance, Z,

Z = Zy (ﬂ) : (1)

where Zj is the impedance of the VNA. Therefore, a short (Z = 0) has I' = —1, an open (Z = +o00) has I' = +1, and
Z = Zy leads to I' = 0. In this paper, the HP8753D VNA we used has Zy = 50 Ohms.

When the coil/sample is connected to the VNA through a coaxial cable, there is attenuation and a phase change
to the reflection coefficient arising from its passage through the coax. The measured reflection coefficient, I"5;, must
be corrected to obtain the desired coil/sample reflection, I'. Once I' is calculated from I'js, then the coil/sample
impedance is obtained using equation

If the experiment is performed at a fixed temperature, then the effect of the coax on the reflection coefficient could
be removed from the measurement by using the standard Short, Open, Load (SOL) calibration method.

In an SOL calibration, three measurements are done. They are the reflection coefficients with the coax shorted
at the position of the coil/sample, I'g, the coax left open, I'p, and with a known impedance load, I',. When the
coil/sample is connected to the end of the coax, the relation between measured reflection coefficient, I'ps, and the
coil/sample T is

EioT
Ty=F —_— 2
M 11+ 1= Byl (2)
where the coefficients F11, E12, and Eyo are
Q(Fo—FL)(FL—Fs) Fo—QFL—I—FS
FEi1 =T Fiy = Foyg=—"———-— = 3
11 L, 112 To—Ts N P Ty —Ts ) (3)

leading to a simple expression for the coil/sample impedance as a function of I's, I'p, and T'f,

_ 'p—-To\ (Tm—Tg
Z_Z()(FL—FS) (FM_FO>. @
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An SOL calibration for an experiment where the temperature of the sample varies has two diffculties. First, it
requires a knowledge of the Load impedance at all temperatures. Second, a relay connected to the coax that toggles
between Short, Open, Load, and the coil/sample is necessary. The relay must be placed as close to the coil /sample and
Load impedance material as possible in order to reduce additional temperature-dependent reflections, phase shifts,
and attenuation in any leads connecting the relay to the Short, Open, Load, and coil/sample circuits.

These two problems are eliminated by twisting two coaxes of equal length together and wiring up the experiment as
shown in Supplementary Figure[I] In this arrangement, the relay is outside the cryostat at the fixed lab temperature.
It toggles between three configurations, Short, Open, and Load. Here, the Load is 50 ) at the lab temperature. The
coil/sample is always connected to the ends of both coaxes inside the cryostat. By twisting the coaxes together, the
temperature gradients on both coaxes are identical. Since the wavelength of the electrical waves in the coaxes is
~ 400 m and each coax is ~ 1 m in length, the coaxes can be modeled as transmission lines with an effective complex
impedance, Z.yq:, an effective length, l.oax, and an effective complex attenuation, A. The complex attenuation
includes the change in the amplitude of the wave traversing the coax and its phase shift over its length. Z.,,, and
A are unknown functions of the temperature of the coil/sample. They arise from the complicated thermal gradients
over the lengths of the coaxes that is at lab temperature at one end and the coil temperature at the other end.

A single reflection coefficient measurement leads to a complex reflection, or two real numbers. The total number
of unknowns at a given coil/sample temperature are two from the desired complex coil/sample impedance, Zg, two
from the unknown coax complex impedance, Z.,q:, and two from the coax attenuation, A, or 2+ 2 + 2 = 6.

By toggling through Short, Open, and Load measurements at the relay leads to three complex reflection coefficients,
or 6 real numbers. Therefore, the effect of the unknown thermal gradients on the coax can be removed to obtain the
coil/sample impedance, Zg.

The expression for the measured reflection coefficient as a function of the uknown parameters, Zs, Zeoqz, and A, is
obtained by solving for the transmitted and reflection waves at the relay and the junction with the coil/sample. There
is a conservation of current condition and equality of voltage condition at each junction in the experiment. These
equations can be solved for the reflection coefficient, R, as a function of the impedance, Z, at the end of the relay,

_Zcoaz(Z + Zcoax) + (QZS - Zcoam)(Z - Zcoam)A
<QZS + Zcoaa:)(Z + Zcoax) + Zcoaz(Z - Zcoaw)A

R=A (5)

Physically, A is the round-trip attenuation (dimensionless) in a single coax.
Defining the dimensionless parameters,

QZS ZL - Zcoam
o = /B = e
ZL + Zcoaw

)
Zcoam

leads to,

R R S

The reflection coefficients for a Short (Z = 0), Open (Z = 400), and Load (Z = Z}) are,

[ 1-(a-1)4

RS_A[(oM—I)—A}’ (®)
14+ (e—-1)A

ROA{ (a+1)+A } (9)
B —1+(a—1)BA

RL—A{ (a-&—l)-l—BA} (10)

These relations lead to an expression for «,
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Supp. Fig. 1 | Schematic Diagram of the T. and penetration depth, )\, experiments. The two coax cables are the
same length and are twisted together so that the temperature gradients on the two coaxes are the same. A relay switches
between Short, Open, and Load. The 50 €2 load is the second port on the VNA.

Once « is known, A satisfies,

A= (=)a+1) [M] . (12)
[ can then be solved by,
B=[—-1)A— R, [HRL (a;)} (13)

Using equation [6] leads to Zs.

In the experiments, we cycle through Short, Open, and Load reflection coefficient measurements. Fach measurement
takes = 6 seconds and & 3 seconds of this time is spent acquiring the reflection coefficient. Since the Short, Open,
and Load measurements occur at slightly different temperatures of the sample, linear interpolation is used to obtain
the reflection coefficients for all three measurements at the same temperature.

For example, if a Short is measured at some temperature, then the Load measurement just prior to the Short and
the Load measurement following the Open measurement right after the Short are used to obtain the Load reflection
coefficient at the measured Short temperature.

II. ESTIMATING THE PROXIMITY AND SKIN EFFECTS IN THE COIL

Supplementary Figure [2|shows the cross section of a coil with square cross section on the surface of a superconductor.
In this Figure, the coil is formed from two coils with one on top of the other. An alternating current with angular
frequency w is applied to the coil. There is a skin effect of each coil turn on itself that leads to the current distribution
in the coil cross section residing predominantly on the coil surface.

There is a proximity effect on the current distribution inside a coil turn cross section arising from the parallel
current in the neighboring coil turn. Since the current in the adjacent coil is in the same direction as the coil current,
this proximity effect acts to push the current distributions in the two coil turns apart.
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Supp. Fig. 2 | Coil cross section on top of a superconducting surface. This schematic shows a case of two coil wire
layers with a single coil turn in each layer. Each turn of the coil has radius » and has rotational axis z. A 3 x 3 array of
discrete current loops is shown in each coil turn. They represent the discretization of the coil cross section for computing the
current distribution inside each coil turn. The cross section of each discrete current loop is dr X dz.

The superconducting screening current is in the opposite direction of the coil current direction. The proximity effect
on the coil turns from this diamagnetic superconducting current acts to pull the coil current distribution closer to the
superconducting surface. The competition between the skin effect and the two proximity effects above determines the
current density distribution in the coils. Since the spatial distribution of the diamagnetic current varies with changes
in the penetration depth, the current density distribution in the coils changes with changes in the penetration due to
changes in temperature.

In our penetration depth experiment, we measure the change in the coil inductance, L, from 4 — 26 K and assume
that its change is proportional to the change in the penetration depth, A, with a proportionality constant that is
temperature independent. This statement is equivalent to saying that dL/d\ is constant during the experiment.
Any change of the current distribution in the coil due to the proximity effect from the supercurrent will lead to a
temperature dependent dL/d)\. The theoretical model in this section estimates dL/d\ for our experiment and shows
that changes in dL/d\ are negligible. Hence, the shape of the L curves shown in Figure 4 is also the shape of the
change in A.

To determine the T, values, shown in Figure 2, we measure the change in L with T. What appears to be two phase
transitions occurs for samples with broader T., as seen in Supplementary Figure[8] We show here that the two distinct
slopes in L versus T are due to a large change of the coil current distribution towards the superconducting sample
as the sample transitions from the normal state with a large metallic screening depth (on the order of millimeters)
to a superconducting penetration depth (on the order of 100s of nanometers). Hence, our samples do not have two
distinct T values.

Let V,, and I, be the voltage and current in a current loop labeled by . Then

Vo = Roly + Z'wMaﬁIg, (14)

where R, is the resistance of current loop «, M, g is the mutual inductance between current loops av and f3, Ig is
the current of loop 3, and there is an implicit sum over 8 on the right-hand-side of the equation using the Einstein
summation convention. The ¢ appearing before w is the complex imaginary number v/—1.

To explain our model, we use the coil shown in Supplementary Figure[2]as a simple example that is easily generalized.
First, we ignore the superconductor in the coil arrangement of Figure [2] by assuming the coil is far away from the
superconductor. In this case, there are 9 discrete voltages and currents for each coil turn for a total of 9 49 = 18
unknown voltages and 18 unknown current values. Hence, the total number of unknowns is 18 + 18 = 36.

Since the voltage across each coil turn must be the same for each discrete current loop inside the coil turn, there
are 9 — 1 = 8 voltage equations for each coil turn for a total of 8 + 8 = 16 voltage equations. They are

Vig=Vop=...=Voy (15)



where ¢ is the coil turn number (¢t = 1,2) and V,+ is the voltage of the « current loop in coil turn ¢.
Since the total current in each coil turn must be equal, there are two additional current equations

> Ioa=) Tap=1 (16)

where I is the total coil current.

There are an additional 18 equations connecting the voltages to the currents in the loops using equation [14] leading
to a total of 18 + 16 4+ 2 = 36 equations for 36 unknowns. Therefore, given the coil current I, the voltage and current
values for each loop can be obtained.

The remaining unknowns in equation [14] are the mutual inductances, M, g of the discrete current loops and their
resistance. The mutual inductance, M (11, r2, z), between two coaxial current loops that are infinitely thin as a function
of the radii of the two loops, 1 and 79, and their separation, z, is known to be the difference of two elliptic functions.
For computational speed, we calculate M (r1,r2, 2) using the arithmetic-geometric mean method of King [2].

We determine the mutual inductance between two distinct rectangular current loops by assuming their currents
are concentrated at the center of each rectangle and then apply the above result for the mutual inductance between
coaxial circles.

For the self-inductance, M, o, of rectangular current loop a with dimensions dr and dz, such as the 7 coil loop in
Supplementary Figure [2, we use the value

1 1
M(rl - igr; r+ igrvgz) (17)
where g, and g, are the geometric mean-distances of lines of length dr and ¢z, respectively. The geometric mean-
distance, g(1), of a line of length [ is given by

g(l) = e 31~ 0.2231. (18)

When the coil sits on top of the superconductor as shown in Supplementary Figure [2 equation must include
the effects of the superconducting screening current with a penetration depth of A\. We approximate the effect of the
screening currents on the coil by choosing the boundary condition that the magnetic vector potential, A, is zero at a
depth of A below the superconductor surface, or A = 0.

For a single discrete current loop in the coil at a height z above the superconductor surface, Supplementary Figure
shows an image coil at a depth of z + A below the superconductor surface. If the current in the image loop is in
the opposite direction of the coil current loop, then A = 0 at a depth A below the surface. Hence, we approximate
the diamagnetic response on the coil by image current loops carrying the current in the opposite direction as the
corresponding current loop in the coil. This image boundary condition, A = 0 at depth A, is equivalent to the
statement that there is no magnetic flux across depth .

The voltage equation [14]is modified to become

Voo = Rolo +iw [Ma,g — My 1m(sy (V)] I, (19)

where Ma’lm(g)()\) is the mutual inductance between the current loop « and the image current of current loop 8 for
penetration depth .

Solving equation [19| with the voltage relation equation [15( and the current sum equation [16| includes the proximity
effect of the supercurrent for each .

Ideally, we would like to model each coil turn with at least several hundred discrete coils in order to have a fine
enough mesh to capture the current density changes in each coil turn. Since our small coil has 40 turns and our large
coil had 100 turns, there are too many discrete currents loops to compute and the computation becomes intractable.

Hence, we simplified the model. We include 1,000 and 2,000 discrete current loops inside each coil turn in order to
precisely model the current distribution in a coil turn, but we assume each coil turn has an effective number of turns,
Neff, that approximately represents the 40 and 100 physical turns of our two coils.

An effective number of coil turns modifies equation [19] by multiplying the resistance terms by neg and the mutual
inductance terms by n?; to become

Vo = negRalo +iwnlg [Ma,g — My 1m(s) (V)] L5, (20)
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Supp. Fig. 3 | A discrete current loop at height Z above the superconducting surface and its image current
at a depth Z + )\ below the superconducting surface. When an equal and opposite current flows in the image current
loop, the vector potential, A, is zero at depth A below the surface. This condition, A = 0, at a depth A is the boundary
condition for the diamagnetic screening current.

A smaller coil was used for the T, measurements and a larger coil was used for the penetration depth measurements.
Here we model the smaller coil as 2 layers with one coil turn in each layer, as shown in Supplementary Figure 2] We
discretize each coil turn with an n, x n, = 10 x 100 current loop grid where n,. = 10 is the number of discrete loops in
the radial direction and n, = 100 is the number of discrete loops in the z-axis direction (normal to the superconductor
surface). The Figure shows a 3 x 3 discrete loop configuration in each coil turn for simplicity. The radius of the coil,
shown as r in the Figure, is 3.75 mm and we choose the coil resistivity to be p = 0.8py where pg = 8.59 ufd-cm is the
resistivity of phosphor-bronze at T'= 4 K.

The effective coil turns is neg = 15. Since there are two turns in two layers, the effective number of turns is 30
compared to 40 turns in the physical coil. The resistivity in this simplified model of the coil is chosen to be 20%
smaller than physical resistivity so that the calculated inductance and resistance, L and R, respectively are close to
the physically measured L = 3.5 pH and R ~ 4.5 Q at low-temperatures. With these parameters, the calculation
gives L =~ 16 yH and R = 3.3 Q at infinite penetration depth, or high-temperature. The measured inductance of the
coil at 100 kHz at room-temperature is 9.9 pH and R = 3.3 2. Hence, our simplified computational model is a good
representation of the physical coil.

Supplementary Figure [4] is the calculated L as a function of the penetration depth and Supplementary Figure [5|is
the corresponding R. The L plot is not surprising. There is a large screening effect due to the supercurrent as the
penetration depth becomes small. The R curve increases as the penetration depth decreases despite the resistivity
of the coil remaining constant throughout the calculation. The R increases because the proximity effect of the
supercurrent is pulling the current distribution in the coil towards the superconductor surface. This concentration of
current decreases the effective area of the current flow leading to an increase in resistance.

There are essentially two R values. The low R at infinite penetration depth (high-temperature) and the high R
value at small penetration depth (low-temperatures). Since the crossover of the penetration depth from infinity to
microns occurs very close to T,, there are “two slopes” in the observed L versus T data, as seen in Supplementary
Figure[§] This calculation shows that the “two L slopes” does not occur from two distinct superconducting phases in
our samples.

The 100-turn large coil has L = 81.9 pH and R = 20.2 Q at room-temperature at 100 kHz. We model it by a
single-layer coil with one turn. The radius r = 5 mm, n, = 10, n, = 200, n.g = 100, and p = 0.8pg.

Supplementary Figure [6] shows the change in L versus A from 100 nm to 2 microns. This computed L contains
the changes due to A and its proximity effect on the current distribution in the coil. The curve is linear. dL/d\ is
constant over the course of a penetration depth measurement. Hence, the measured shape of the L curve is identical
to the shape of the change in A.
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Supp. Fig. 4 | Calculated coil inductance as a function of the superconducting penetration depth. The
parameters used for this calculation are described in the text and are for the 40-turn coil.
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Supp. Fig. 5 | Calculated coil resistance as a function of the superconducting penetration depth. The
parameters used for this calculation are described in the text and are for the 40-turn coil. The increase in resistance at small
penetration depth is due to the current density in the coil wires being pulled towards the supercurrent via the proximity effect.
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Supp. Fig. 6 | Calculated change in inductance for the 100-turn coil as a function of the superconducting
penetration depth between 100 nm and 2 ym = 2000 nm. This calculation shows that the change in inductance is
linear with penetration depth. Hence, dL/dX is constant over the range of the penetration depth experiment. Therefore, the
shape of our measured change in L curves in Figure 4 of the main text is identical to the shape of the change in penetration
depth.



III. DESCRIPTION OF THE T. EXPERIMENT
A. T. determination

The coil/sample inductance as a function of temperature for the two poly-crystalline (Y;_x_yCa,Ce,)BasCuzO7_s
samples with (X,Y) = (0,0) and (0.26,0.26) are shown in Supplementary Figure and Supplementary Figure (8| The
T. experiments were done with a ~ 10 puH coil. The dashed magenta line is a linear fit to the inductance just
above the superconducting transition. The dashed red line is a linear fit to the inductance in the transition range of
themperatures. The T, used for Figure 1 in the main text is the T.(onset) defined by the intersection of the dashed
magenta and the dashed red lines. As described in the main text, the T (onset) is used because it is stable to different
low temperature sample anneals that lead to the same optimally doped room-temperature thermopower [3 [4].

B. The two T. slopes are due to the proximity effect rather than two superconducting phases

There are two slopes in the superconducting transition plot in Supplementary Figure |8 They appear for all of our
samples when the T, transition width is at least several Kelvin. We believe they exist for all of our samples, but our
warm up through the phase transition is too fast to resolve it for the samples with very sharp phase transtions.

The initial guess would be that there is two superconducting phases in this sample. This conclusion is incorrect.
Supplementary Figure [5| plots the calculated change in coil resistance as a function of the penetration depth. It shows
that the proximity effect pulls the current density in the coil towards the sample, thereby increasing the coil resistance.
Hence, the two slopes in the L versus T plots below T, are due to different higher and lower-temperature current
density distributions in the coil rather than two distinct superconducting phases in the sample.

Typically, superconducting ac susceptibility experiments operate at much lower frequencies (~ 1 — 10 kHz) com-
pared to the frequency used here of 500 kHz. The strength of the proximity effect is proportional to the applied
frequency. In addition, the resistivity and diameter of the wire contribute. The frequency and choice of 150 pum
phosphor-bronze wire for the coil material led to an observable current redistribution in Supplementary Figure

Pure YBa,Cu,0, s

Inductance (uH)

3 I I I I I I I
0 10 20 30 40 50 60 70

Temperature (K)

100

Supp. Fig. 7 | T determination of pure YBazCu3zO7_; from the change in inductance with temperature. The
T, is the onset T. defined as the intersection of the red and magenta dash lines. Here, T. = 91.8 K.
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Supp. Fig. 8 | T determination of (Y1_x—yCaxCey)BazCusO~_s for (X,Y) = (0.26,0.26) from the change in
inductance with temperature. The T, is the onset T defined as the intersection of the red and magenta dash lines. Here,
T. = 74.7 K. The change in slope during the phase transition (black line) is due to the onset of the proximity effect of the
supercurrent in the sample pulling the coil current density towards the sample. It is not a second superconducting phase. The
strength of the proximity is proportional to the applied frequency. At our frequency of 500 kHz, the proximity effect leads to
a noticable change in inductance as the coil current redistributes from the normal state distribution to the superconducting
distribution.

IV. CALCULATING THE T. FROM NON-MAGNETIC PAIR-BREAKING THEORY

Supplementary Figure [9] shows the drop in T, as a function of the pair-breaking strength, I'y. T is the transition
temperature of a pure undoped sample and kg is Boltzmann’s constant. This Figure was originally calculated by
Abrikosov and Gorkov [5] for the T, change of an S-wave superconductor as a function of magnetic pair-breaking
impurities. The Figure is also correct for D-wave gap symmetry pair-breaking by non-magnetic impurities [6]. Non-
magnetic impurities have a very weak effect on the T, on an S-wave gap (known as Anderson’s Theorem [7]).

Since Ca and Ce atoms are non-magnetic in YBasCuzO7_s, this curve predicts the drop in T, to be expected in
our samples if the superconducting gap remained D-wave throughout the full Ca/Ce counter-doping range from (0, 0)
to (0.32,0.32). The red and green points in Figure 2 of the main paper are obtained from this Abrikosov-Gorkov
pair-breaking curve as described below.

For the red points, called “simple pair-breaking theory” in this Figure, the T, values for pure YBasCu3O7_s and
(Y1-x—yCayxCey)BasCuzOr_s with (X,Y) = (0.13,0.0) are obtained experimentally. The pure YBasCuzO7_s T is
set equal to Ty in Supplementary Figure |§| and the dimensionless ratio, 7,(0.13,0.0)/T.o ~ 0.92 is calculated. The
corresponding dimensionless pair-breaking value on the x-axis of Supplementary Figure [J] for a value of 0.92 on the
y-axis is /& 0.1. In this simple pair-breaking model, we assume Ca and Ce impurities lead to exactly the same pair-
breaking. Hence, we conclude that 13% non-magnetic impurities leads to ~ 0.1 pair-breaking strength in dimensionless
units.

For (0.36,0.16) counter-doping, the ratio of the number of non-magnetic impurities (0.36 + 0.16 = 0.52) to 0.13
non-magnetic impurites is 4. Hence, the pair-breaking for (0.36,0.16) is 4 x 0.1 &~ 0.4. The y-axis value on the
Abrikosov-Gorkov pair-breaking curve that corresponds to an x-axis value of =~ 0.4 is &~ 0.67 leading to T, =~ 63 K for
a (0.36,0.16) sample, as shown on Figure 2. The complete red plot in Figure 2 can be obtained in a similar manner.

For the green plot in Figure 2, called “dipole pair-breaking theory”, we assume a Ca atom will be close to a Ce
atom since Ca (42 oxidation state) and Ce (+4) have +1 and —1 charges relative to Y (+3). Thus they form a
“dipole” pair-breaker. Hence, the T, of the (0.13,0.13) sample leads to a pair-breaking magnitude (~ 0.18) using the
method described above. This value is not the same as twice the pair-breaking magnitude for (0.13,0.0) obtained
above (/2 0.2). Using the pair-breaking value for “singles” and “dipoles”, the pair-breaking value for (0.36,0.16) can
be broken into an (0.16,0.16) dipole pair-breaker and an 0.16 single pair-breaker leading to a pair-breaking strength



11

1 Abrikosov-Gorkov Pair-Breaking for Non-Magnetic Impurities
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Supp. Fig. 9 | The Abrikosov-Gorkov theory for the change in D-wave and S-wave superconductors as a
function of the pair-breaking strength of non-magnetic impurities. The x-axis and y-axis are normalized to k7o
and Tro, respectively, where kp is Boltzmann’s constant and T is the superconducting transtion temperature with no
pair-breaking. The blue curve is the change in 7; for a D-wave superconductor and the red curve is the 7, change for an
S-wave superconductor.

of =~ 0.35 and a predicted T, ~ 65 K. By this reasoning, the complete green plot in Figure 2 is obtained.

For both models of pair-breaking, the experimental data is not compatible with a D-wave gap symmetry for all
of the samples. The observed saturation of T, at higher Ca and Ce counter-doping indicates that these samples are
S-wave in character.

V. RESISTIVITY AND THERMAL EXPANSION OF THE COIL
A. Resistivity changes in the coil

Since the phosphor-bronze coil is not at a fixed temperature over the course of the penetration depth measurement,
the size of the inductance changes due to changes in the coil resistivity must be estimated. We present two arguments
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indicating that changes in the coil resistivity lead to a negligible change in the measured coil inductance.

First, low temperature experiments measuring the resistivity of phosphor-bronze find it to be constant within error
bars over the 4-26 K range of the penetration depth experiment [8,[9]. Second, since the T' dependent contribution to
the resistivity of phosphor-bronze is due to phonons, large changes in its resistivity are not possbile at low temperatures
(approximately < 20 K). If there is a contribution to the coil inductance arising from resistivity changes in the coil,
it would appear above 20 K, and lead to an increase in the linear T slope of L for the D-wave samples, (X)Y) =
(0.0,0.0) and (0.13,0.0), in Figure 4 of the main text. Since there is no evidence for a change in the linear T slope
of L for these two D-wave samples, we conclude that resistivity changes in the phosphor-bronze coil are not affecting
the results in Figure 4.

B. Thermal expansion of the coil

The mean thermal expansion, «(7'), of phosphor-bronze at low temperatures is obtained from Table 21.7 in chapter
21 page 20 of reference [I0]. We use the data in the left table because a(T') is available for T'= 0 K and T = 30 K.
a(T) is defined as

a(T) =

L(293 K) —L(T)} [ 1 } ’ (21)

L(293 K) 203K —T

where L(T) is the length at temperature T in Kelvin. Reference [10] gives a(0 K) = 11.26 x 107¢ K~! and (30 K) =
12.51 x 107% K=1. L(293 K) = 150 pum, the diameter of the phosphor-bronze wire, leading to

L(0 K) = 150 pm — 494.9 nm,  L(30 K) = 150 pim — 493.5 nm. (22)

Thus the change in coil-to-sample distance due to thermal expansion over the 4-26 K temperature range of the
penetration depth experiment is less than 1.4 nm. Since dL/dA ~ 2 nH/nm, a change in inductance of < 2.8 nH
occurs. This value is approximately an order of magnitude smaller than the observed changes in inductance in Figure
4. Hence, the effect of thermal expansion of the phosphor-bronze wire on the coil-to-sample distance may be neglected.

A 1.4 nm change in 150 um is a relative change of ~ 107°. A 10~° contraction in the overall size of the pancake
coil leads to a change in inductance < 107°Ly where Lg =~ 20 nH is the magnitude of the coil inductance during the
penetration depth experiment. Therefore, the change in L due to temperature changes in the diamater of the coil is
< 0.2 nH and may be also be neglected.

VI. MISCELLANEOUS SOURCES OF ERROR

For the penetration depth experiments shown in Figure 4 of the main paper, the inductance of the coil at room-
temperature is ~ 82 pH. Its magnitude at 4 K is ~ 20 yH. The magnitude of the inductance change in Figure 4 is a few
10s of nanoHenrys from 4 — 26 K. Changes on the order of ~ 1 nH must be resolved in order to distinguish between
a temperature dependence of T or T2. The relative change in inductance that needs to be resolved is ~ 5 x 1072,
Therefore, all potential sources of error must be estimated.

A. Errors due to oscillator drift

The oscillator drift is a relative frequency error of 3 x 102 per day. The experimental data shown in Figure 4 is
acquired in ~ 1.5 hours for each sample leading to a relative frequency error of 1.85 x 107!° during the run. The
relative error in the coil inductance, L, is of the same order. The magnitude of the observed inductance is L ~ 20 uH.
Hence, the error due to oscillator drift is ~ 3.75 x 10~!® H. Since the observed change in L during the experiment is
~ 10 nH, the oscillator drift error is negligible.

B. Errors in the load impedance reference

Since the conclusion regarding the gap symmetry from the penetration depth measurement is based on the shape of
the curves in Figure 4 rather than their absolute magnitude, an absolute error in the load impedance is unimportant.
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What matters is the drift of the load impedance over the course of the experiment. We use the second port on
our VNA as a stable load impedance reference. Its impedance is stable to better than 10~° for a change in the lab
temperature of &1 Kelvin. During the duration of the experiment, the lab temperature does not change by more
than a few Kelvin. In this worst case scenario, a change in lab temperature of 5 Kelvin leads to a relative change in
the load impedance of 5 x 107° and a change in inductance, L, of the same order. For L ~ 20 yH, the change in L is
~ 1 nH and may be neglected.

C. Errors due to coil heating

Heating of the coil occurs while current flows through it during the reflection coefficient measurements that determine
the coil/sample impedance. This heating increases the resistivity of the phosphor-bronze wire comprising the coil
leading to a redistribution of the current density in the coil. If the heating affect is sufficiently large, it will introduce
an error in the extracted coil inductance. This heating effect is largest at the lowest temperatures because the specific
heat of the coil wire decreases with temperature.

In order to eliminate coil heating errors, the experiments are performed at a transmit power of —40 dBm, or 0.1
uW. Approximately 1/2 of this power is absorbed during the experiment with most of it being dissipated in the coil.
The remaining power is reflected back to the VNA. If there was a change in inductance arising from coil heating, then
the same experiment performed at —50 dBm, or 0.01 uW = 10 nW, would lead to different inductance values. We
have repeated several runs at —50 dBm to check for coil heating. The shape of the inductance curve versus 7" and
its magnitude are almost identical. Supplementary Figure and Supplementary Figure show the raw data for
the inductance change with T of the (0.26,0.26) sample at power levels of —40 dBm and —50 dBm. Supplementary
Figure [15] is a comparison of the inductance changes of the two runs. We conclude coil heating is not a significant
source of error in our measurements.

D. Errors due to Josephson effects in grain boundaries

The magnetic field from the current in the coil induces a superconducting screening current in the sample. The
measured inductance of the coil is a weighted average of the London penetration depth, A, of the single-crystal grains
in the sample and the Josephson junction penetration depth at the grain boundaries, Aj. This weighted average,
the effective penetration depth, Aeg is what is measured by the coil inductance. If Ay is T" independent, then the T
dpendence of A is the same as the desired .

To investigate the T' dependence of Aj, we compare two runs of a (0.26,0.26) sample at —40 dBm and —50 dBm
in Supplementary Figure The current density in the sample is v/10 = 3.16 times smaller for the —50 dBm run
compared to the —40 dBm run. The ~ 1 nH difference between the higher and lower power levels is tiny on the scale
of the changes in inductance of the experiment. Also, it does not change the T2 shape of the curve. Hence, changes
in inductance arising from any 7' dependence of Aj is small and does not alter the conclusions of this paper.

E. Errors due to thermal contact between the coil and sample

The sample is placed on a Cu block with Apeizon-N grease for good thermal contact. The Cu block is thermally
connected to the coldest part (stage 2) of the cold head. The thermometer is thermally mounted on the Cu block.
The two ends of the coil are soldered to the twisted coaxial cables that are thermally clamped to the ~ 30 K first
stage of the cold head and then twisted around the cold head cylinder using Apiezon-N grease two-thirds of the way
towards the cold head at stage 2 where the Cu block is located. Hence, the coil and the sample will not be at the
same temperature.

If there is a large thermal contact (or low thermal resistance) between the coil and the sample, then the sample
temperature may be different from the reading of the thermometer and the measured inductance will not correspond
to the temperature reading of the thermometer. What is desired is a large thermal resistance between the coil and
sample while keeping the coil on the sample.

The coil is held on the sample by the force of two springs. Since thermal resistance is proportional to the magnitude of
the force pressing the coil to the sample, the coil is pressed onto the sample using the minimum possible force possible.
We tightened the coil onto the sample with a large force (maximum spring compression) and then did experiments
with reduced force until the experiments converged to a consistent result.

The strongest evidence that the thermal contact between the coil and sample is small is the observed linear T
penetration depth for the known D-wave samples, (Ca, Ce) = (0.0,0.0) and (0.13,0.0), as shown in Supplementary
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Figures and However, hysteresis is seen in the cool down versus warm up sweeps (blue versus red data) for
the (0.13,0.0) and (0.26,0.26) samples as shown in Supplementary Figures [11]| and likely due to this effect. By
averaging the cool down and warm up data, we have eliminated this effect to first order.

F. Errors due to a temperature gradient on the sample

The thermometer and the bottom of the sample are thermally connected to the Cu block on the cold head. The
sample is a cylinder with a diameter of 15 mm and height of 6 mm. The coil is placed on the top of the sample. If
there is a temperature difference between the bottom and top of the sample, then the measured inductance will not
be at the temperature indicated by the thermometer.

Since we slowly cool and then warm up the sample between 4-26 K while acquiring data, the rate for the sample
to thermally equilibrate must be faster than the rate of the temperature sweep in order to eliminate thermal gradient
errors. Hence, the thermal diffusivity of the samples must be estimated.

The thermal diffusivity is the ratio of the thermal conductivity (units of W/m-K) and the specific heat per volume
(units of J/m3K). It is given by (1/3)v?7T = (1/3)vA, where v is the velocity of the phonons, 7 is the scattering time,
and A = v is the scattering length.

At low-temperatures, the phonon velocity is due to long-wavelength acoustic modes. Hence, the mass difference of
the Ca and Ce atoms compared to the Y atoms will not lead to any substantial change in acoustic phonon velocity.
We may estimate the velocity to be on the order of v ~ 103 m/s.

The scattering length at low-temperatures is large for single crystals. For our poly-crystalline samples, the scattering
length becomes the size of the single-grains, or A ~ 10 pum. Thus the thermal diffusivity is ~ 0.33 x 1072m?/s. The
time to thermally equilibrate over a 6 mm sample height is ~ 1072 s. The temperature sweep rate of the penetration
depth experiment is ~ 2 min/K. Therefore, the sample temperature is almost uniform during the experiment and
any errors due to thermal gradients on the sample are negligible.

G. Errors due to vortices potentially entering and leaving the sample

If the applied magnetic field on the sample is larger than H,.;, then vortices can enter the sample and affect the
inductance. H; is 10 — 20 mT for YBCO. [II] The applied magnetic field at the surface of the superconductor is
H ~ 0.1 A/m leading to uoH ~ 10=* mT << H,;. Therefore, the sample remains in the Meissner phase. Vortices do
not enter the sample.

VII. RAW DATA PLOTS OF THE PENETRATION DEPTH EXPERIMENTS

Supplementary Figures and [I4] show the raw L for the runs in Figure 4 of the main text. The
experiment begins at 26 K and cools down to 4 K (blue data) and then warms back up to 26 K (red data). 840
data points are acquired during the two temperature sweeps in ~ 84 minutes leading to a temperature sweep rate of
~ 2 K/min in both directions. Unless otherwise stated, all runs were done at a transmit power level of —40 dBm =
0.1 uW.

The black curves in the Figures are the best T' or T2 fit to the raw data in the blue and red curves. The single data
points (black open circles with error bars) are obtained at 1 K intervals by averaging all the data points (blue and
red) within + 0.5 K of the chosen temperature value. Hence, each data point is an average of ~ 38 raw data points.
This averaging removes any hysteresis effects to first order.

The variance of these data points is calcuated. The square root of this variance is an unbiased estimate of the noise
error, o, in the experiment. The error bars on the black data points is obtained by dividing o by the square root of
the number of data points = o/ /38 to obtain the estimated error of the L value of the black data points.

Supplementary Figures [13| and [14] are two runs of a (0.26,0.26) sample at power levels of —40 dBm = 0.1 yW and
—50 dBm = 0.01 gW. Supplementary Figure [15| compares the two T? fits for the change in L for each run. Within
the error bars of the experiment, these two runs show there is almost no difference between these two power levels.
Hence, all the runs leading to the T, results in Figure 2 and the inductance change in Figure 4 are performed at
—40 dBm.
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points are the extracted inductance values, with error bars, obtained from the raw blue and red data as described in the text.
The solid line is a linear T fit to the raw data.
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points are the extracted inductance values, with error bars, obtained from the raw blue and red data as described in the text.
The solid line is a linear T fit to the raw data.
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Supp. Fig. 12 | Raw data for (36,16) run. The blue data is the cool down and the red data is the warm up. The black
points are the extracted inductance values, with error bars, obtained from the raw blue and red data as described in the text.
The solid curve is a T2 fit to the raw data.
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points are the extracted inductance values, with error bars, obtained from the raw blue and red data as described in the text.
The solid curve is a T2 fit to the raw data.
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The blue data is the cool down and the red data is the

warm up. The black points are the extracted inductance values, with error bars, obtained from the raw blue and red data as
described in the text. The solid curve is a T2 fit to the raw data.
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black curve in Supplementary Figure [[3 and the blue curve is the black curve from Supplementary Figure[T4 Both curves are

plotted with their zero-temperature values subtracted. Within experimental error bars, these two curves are identical.
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