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There is a heated debate on the Josephson effect in twisted Bi,Sr,CaCu,Os., flakes. Recent experimental
results suggest the presence of either anomalously isotropic pairing or exotic d+id-wave pairing, in addition to
the commonly believed d-wave one. Here, we address this controversy by fabricating ultraclean junctions with
uncompromised crystalline quality and stoichiometry at the junction interfaces. In the optimally doped regime,
we obtain prominent Josephson coupling (2-4 mV) in multiple junctions with the twist angle of 45°, in sharp
contrast to a recent report that shows two orders of magnitude suppression around 45° from the value at 0°.
We further extend this study to the previously unexplored overdoped regime and observe pronounced Josephson
tunneling at 45° together with Josephson diode effect up to 50 K. Our work helps establish the persistent presence
of an isotropic pairing component across the entire superconducting phase diagram.

The pairing symmetry of cuprate superconductors is of vi-
tal importance for constructing a microscopic theory of high
temperature superconductivity [1-5]. Among the proposals
for verifying the d-wave pairing, an approach is to measure
the phase-sensitive Josephson coupling between two twisted
cuprates along the c-axis [Fig. 1(a)] [6-10]. Based on symme-
try arguments, the Josephson tunneling between two d-wave
superconductors vanishes when the twist angle along c-axis is
45°, while a strongest tunneling is expected when the twist an-
gle is 0°. In the case of s-wave superconductors, the Joseph-
son current persists to flow with a constant value, indepen-
dent of the twist angle. Apart from the two scenarios, it was
recently proposed [11-13] that co-tunneling of Cooper pairs
may occur between two cuprate monolayers at the twist angle
around 45°, giving rise to an emergent d-+id or d+is wave pair-
ing. Whether this exotic scenario, which promises topological
superconductivity, is applicable to a strongly correlated sys-
tem remains to be verified [14, 15].

The intriguing proposals above call for careful ex-
perimental tests, which can be carried out by using
Bi,Sr,CaCu;, 044 (BSCCO) crystals. BSCCO naturally con-
sists of a series of intrinsic Josephson junctions (1JJ) along the
c-axis [16, 17] and it can be mechanically cleaved [18, 19]
into two parts and re-assembled after twisting one of them
with a predefined angle. This re-assembling does not impose
extra strain or induce changes in stoichiometry, allowing for
the realization of atomically flat interface as the tunnel bar-
rier. By contrast, the in-plane Josephson junctions realized
by film growth suffer from large structural distortion, tunnel-
ing plane misalignment and chemical inhomogeneity at the

grain boundary [2, 20, 21]. Historically, the c-axis twisted
BSCCO junctions were realized experimentally by using bulk
bicrystals [22] and whiskers [23, 24]. These experiments fa-
vored isotropic pairing instead of the d-wave pairing [6, 8—
10]. However, it remains unclear if these macroscopic junc-
tions maintained the atomically sharp and uniform interface
with uncompromised crystalline quality [2]. There also ex-
ist technical issues such as overheating in bulk samples [22]
and participation of multiple intrinsic junctions [23, 24]. Re-
cently, micrometer-sized BSCCO junctions were realized by
the van der Waals (vdW) stacking technique. The atomically
flat interface was revealed to extend over the complete junc-
tion area [4].

However, there is still a lack of consensus on the angu-
lar dependence of the Josephson coupling strength, defined
as the product the Josephson critical current and the normal
state resistance—I.R,. Twisted junctions in the underdoped
(UD) regime (p < 0.1) showed large I.R, at 45° [4], indica-
tive of isotropic pairing. Yet another experiment [13] with
samples in the nearly optimally doped (OP) regime reported
suppression of I.R, by two orders of magnitude as the twist
angle varied from 0° to 45°. The discrepancy requests further
clarification. One remaining technical issue is that the inter-
faces often exhibit reduced signal in the atomically resolved
image and expanded interlayer spacing [4, 13, 25]. More-
over, the tunneling experiments so far focused on the doping
regime from UD to OP [Fig. 1(b)]. The phase diagram in this
regime is complicated by the charge ordering, pseudogap and
strange metal phases. By contrast, the phase diagram in the
OD regime is simpler and the corresponding cuprates exhibit
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FIG. 1. (a) Schematic illustration of the twisted BSCCO junction
and the theoretical expectation of the Josephson tunneling based on
different pairing symmetries. Here the top BSCCO (BSCCO-t) is
rotated against the bottom BSCCO (BSCCO-b) by 45°. (b) Typi-
cal phase diagram of high temperature cuprate superconductors in-
cluding antiferromagnetism (AF), pseudo-gap (PG), charge ordering
(CO), strange metal phase (SM), Fermi liquid (FL) and superconduc-
tivity (SC). Solid gray curves indicate the doping and temperature
range of previous studies [4, 13, 22]. (c) False-colored SEM image
of a twisted junction (sample OD1).

well-established Fermi surface [26-28]. A recent theoretical
study suggested a non-trivial change in the phase difference
of the twisted junction as the doping level moves to the OD
regime [15]. It is, therefore, necessary to extend the study
to the OD regime for a comprehensive understanding of the
tunneling phenomena.

In this Letter, we address the Josephson effect of twisted
cuprate junctions in both OP and OD regimes [Fig. 1(b)].
We fabricate ultrathin twisted junctions of BSCCO flakes at
45° by an on-site cold stacking technique. By high resolu-
tion transmission electron microscopy (HR-TEM), we demon-
strate that our junctions meet the demanding requirement: all
the atoms at the interface possess the same signal intensity as
those in the bulk, attesting to the uncompromised crystalline
quality. Transport experiments on the same batch of junctions
indicate: 1) preserved doping level at the interface as that of
the bulk crystal; 2) strong Josephson tunneling with I.R,, as
large as 4 mV for OP junctions and 2 mV for OD ones at the
twist angle close to 45°; 3) conventional temperature depen-
dence of /.., in disagreement with that predicted for d+id-wave
pairing. We further unveil the asymmetric tunneling observed
in some junctions, showing Josephson diode effect up to about
50 K. Finally, we compare I.R, at 45° and 0° in both OP
and OD regimes and observe only weak angular dependence,
indicating a prominent isotropic pairing component over the
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FIG. 2. (a)(b) Cross-sectional high-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images of four
twisted BSCCO junctions. (c) Intensity profile of the CuO, plane
close to the interface [dashed lines in (a)(b)] and that in the bulk.
(d) Normalized integrated intensity profiles of the TEM images along
the c-axis. Red arrows mark the peaks from BiO layers at the inter-
face. Here, z = 0 marks the twist boundary. Curves are horizontally
offset for clarity.

whole phase diagram.

We fabricate the Josephson junctions [an example is given
in Fig. 1(c)] out of high quality single crystals of BSCCO [29]
with the cold van der Waals stacking technique [Supplemen-
tary note I and Fig. S1]. The high crystalline quality of
the twisted junctions are demonstrated by TEM. Figure 2(a)
shows the representative images of two samples in the OP and
OD regimes (OP1 and OD1). The samples have a nominal
twist angle of 45° such that the cross-sectional images reveal
the top and bottom BSCCO structure from different crystalline
orientations. We determine the exact twist angles by using
the Kikuchi patterns [4] [values are indicated in the respective
TEM image]. In particular, the deviation from perfect 45° for
OPI1 and OP2 [see Fig. S2] is as small as 0.05-0.1°. We de-
note the twist angles of them as 44.9° (45.1° is equivalent). As
shown in Fig. 2(a), the bottom sections of BSCCO in the im-
ages show bunching of Bi atoms (brightest dots) in OP1/OD1.
The artificially twisted interface is immediately discerned be-
cause only one of the double BiO layers there hosts bunching.

Images of equivalently superb quality are obtained from
multiple samples and in horizontally displaced regions around
the junction area (further examples in Figs. S2,S3). From the
TEM images, we observe that the atoms of Bi, Sr, Cu and
Ca all show comparable intensities at the interface and in the
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FIG. 3. (a)(b) Temperature-dependent resistance across the junctions
of OP1 and ODI1. The arrows mark 7.. (c)(d) Normalized tunnel-
ing characteristics at 7' = 1.6 K. Darker (lighter) color reflects data
points taken in the positive (negative) sweeping direction, as indi-
cated by the arrows. (e)(f) Temperature dependence of I.R,. Solid
curves are theoretical fits by using a modified Ambergaokar-Baratoff
formula [4]. Dashed curves are the theoretical prediction based on
d+id pairing [12].

bulk, demonstrating the uncompromised crystalline quality.
For the superconducting layer, we take a horizontal line cut
along the CuO, plane of the top BSCCO [indicated by arrows
in Fig. 2(a)(b)] next to the twist boundary. We compare this
line profile with that obtained from the CuO, plane far away
from the interface, as shown in Fig. 2(c). Each peak repre-
sents one row of Cu atoms. Clearly, the two line profiles
are closely matched. Fig. 2(d) shows the averaged intensity
profile along the c-axis. It demonstrates that the double BiO
planes at the twist boundary (indicated by red arrows) exhibit
intensity peaks comparable to those from the bulk (indicated
by black arrows). In general, the artificial interface is atomi-
cally flat without any reconstruction or wrinkles [4]. In addi-
tion, we point out that the thickness of the artificial junctions is
slightly larger than that of 1JJ. The separation between the ver-
tical dashed lines in Fig. 2(d) represent the distance between
nearest neighbored BiO layers in the bulk. We observe that
the actual peaks from the BiO plane at the twist boundary (red
arrows) situate away from the dashed lines. Quantitatively,
the distance between the two BiO planes on average is larger
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FIG. 4. (a) Current-voltage characteristics of OD-BSCCO junction
with a nominal twist angle of 45° at T = 1.6 K and 24 K. Dark and
light colors indicate data obtained in two opposite sweeping direc-
tions, as indicated by the arrows. I and I represent the critical
current and re-trapping current in the positive/negative sweeping di-
rections. The data are obtained at nominally zero magnetic field. (b)
Junction voltage (bottom) under the square wave of excitation cur-
rent (1.2 mA, 0.03 Hz) (top) at T = 24 K. (c) Histograms of the
measured junction voltage data in (b). (d) Temperature dependence
of the critical Josephson currents in two directions. Solid curves are
guide to the eye.

than the bulk value by 12% (Fig. S3). Apart from this slightly
thicker tunnel barrier, the twisted junction has a smaller tun-
neling area—the overlapping region between the top and bot-
tom flakes—than the 1JJ in either the top or bottom BSCCO
[Fig. 1(d)]. These features help distinguish the transport at
the twisted interface from that of 1JJ, as discussed below.
Figure 3 shows the transport results from OP1 and ODI.
Similar results from other samples are given in Figs. S2, S4
and S5. For the OP samples, temperature dependent resis-
tance measurements indicate a narrow superconducting tran-
sition with 7, close to that of the bulk [Fig. 3(a), Fig. S2(c)
and Fig. S4], confirming the preserved doping. For the OD
samples [Fig. 3(b), Fig. S2(d) and Fig. S5], however, the junc-
tion resistance reaches zero at around 50 K but the onset for
the superconducting transition starts at a higher temperature
of about 80 K. We emphasize that the OD doping level is pre-
served at the twisted interface, because the junction is formed
at a cryogenic temperature (-50 °C) that suppresses oxygen
out-diffusion and is further buried inside the relatively thick
stack of BSCCO. We attribute the higher onset temperature
to the top surface of OD-BSCCO flakes, which suffers from
oxygen loss in the final fabrication step at a relatively allevi-
ated temperature (-30 °C). Further support to this argument is
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FIG. 5. (a) Fan-chart diagrams of I.R, as a function of twist angles.
Except for the filled symbols with angles determined by TEM, we
use nominal twist angles. Upper-left/upper-right quadrant includes
data points from junctions in the OP/OD doping regime. 7, for OD
is in the range of 57 to 67 K.(b)(c) Comparison between the averaged
I.R, at 0° and that at 45° for OP and OD. Circles represent the aver-
aged values and the error bars are the corresponding sampling stan-
dard deviations. The shaded bands with darker colors represent the
theoretically expected behavior when the order parameter is a mix-
ture of s-wave and d-wave. The percentage of s-wave component is
indicated in the panels. The tunneling is considered to be incoherent
as represented by factor y. The upper and lower bounds of the band
take into account the data scattering o at 0°. The shaded bands with
lighter colors are theoretically calculated angular dependence for the
tunneling between two pure s-wave superconductors with enhanced
coherence in tunneling (y = 0.01). Details of the calculation is given
in the supplementaxry note IV and in ref. [4].

given in the supplementary information (Supplementary note
IIT and Fig. S6). The OP samples do not suffer from this prob-
lem presumably because the out-diffusion is only prominent in
the superoxygenated state.

Figure 3(c)(d) show the Josephson tunneling characteris-
tics. We normalize the current by the normal state resistance
(R, for a better comparison among samples. In each figure,
the single vertical branch at zero bias reflects the Josephson
effect between the two twisted cuprate layers. The 1JJ do
not contribute here because their critical currents are much
higher—due to the larger tunneling area and relatively thinner
barrier—and are not reached in our measurement. The vertical
bar essentially represents the Josephson coupling strength—
I.R,. Notably, we obtain I.R, (44.9°) = 4 mV at OP. This
is in sharp contrast to the previous report in the same dop-
ing regime, which shows that /.R, (44.9°) was as small as
0.19 mV. This difference may indicate that there exists sta-
tistical fluctuation among samples because so far only a few
samples are reported to be within 45.0+0.1° in OP (OP1 and
OP2 in our case and one in ref. [13]). Differences in the fabri-

cation steps are given in the supplementary material.

Next, we show that our results are inconsistent with the
d+id or d+is-wave pairing scenario [12]. Such an emergent
pairing can give rise to Josephson tunneling of paired Cooper
pairs at the twist angles where pure d-wave pairing demands
strong suppression at 45°. The dashed curves in Figure 3(e)(f)
indicate the predicted temperature dependence for this co-
tunneling process [12]. In sharp contrast to this behavior,
our experimental results show quite standard behaviors sim-
ilar to that prescribed by the Ambegaokar-Baratoff (A-B) for-
mula [30]. We also comment on the non-monotonic temper-
ature dependence at twist angles away from 45°, which was
also predicted to be a manifestation of exotic pairing [12].
In experiment, we indeed observe non-monotonic or non-
standard temperature dependence (Fig. S4 and S5) but the
non-monotonic behavior even appears at 0° [Fig. S5(a)]. It
indicates that the temperature dependence may be influenced
by other extrinsic factors. In particular, we speculate that
unintentional flux trapping may be the driving mechanism,
since suppression of I.R, at low temperatures was observed
in the intrinsic Josephson junctions under a small magnetic
field [31].

Interestingly, the trapped fluxes are found to give rise to an
asymmetric tunneling in some devices. In Fig. 4, we provide
a typical example of such a Josephson diode effect [32]. Fig-
ures 4(a) show the -V characteristics of an OD junction with
Onominal = 45°. The Josephson critical current in the positive
axis is obviously larger than the absolute value in the negative
axis, i.e. I] > lI[ | The asymmetry factor = ((Iltr";,‘l)) is as
high as 26% at 1.6 K. This asymmetry is quite stable and the
rectification effect over one thousand repetitions is achieved,
as shown in Fig. 4(b). Figure 4(c) displays the histogram of
the measured voltages in Fig. 4(b). With an input square wave
of current jumping between 1.2 mA and -1.2 mA, the out-
put voltage is either -0.18 mV or 0 mV. Figure 4(d) further
demonstrates that the asymmetric effect persists over the en-
tire superconducting regime up to 50 K. Although a 45°-twist
junction is used here, similar behaviors can be found at 8 = 0°
as well (Fig. S7). We note that the results in Fig. 4 are ob-
tained without applying the magnetic field. However, we ob-
tain the peak-dip structure of n as a function of B with its
center away from B = 0 T (Fig. S7). This observation clearly
indicates that there exists a remanent field, which is approxi-
mately 1 mT. The driving mechanism for the Josephson diode
effect remains unknown at this stage [33]. Nevertheless, our
experiments suggest that a carefully designed magnetic field
shield must be applied in order to address the non-standard
temperature dependence of /. due to intrinsic properties.

In Fig. 5(a), we provide an overview of our data points
as a function of twist angles at both OD and OP levels. In
each doping regime, we observe appreciable I R, in multiple
samples around 45°. These data points apparently fall out-
side the expected behavior of a pure d-wave pairing symme-
try. However, I.R, in OP and OD indeed shows a drop as
6 increases from 0° to 45°, if comparing the maximal values



obtained at different angles. This decrease can be further ap-
preciated in Fig. 5(b)(c), where the averaged values at 45+1°
for OP or 45+2° for OD with those at 0° are compared. On
the one hand, this angular dependence can be explained by
a mixture of isotropic s-wave and anisotropic d-wave com-
ponents [4]. We show the expected angular behavior for a
mixture of 15%/20% s-wave and 85%/80% d-wave as shaded
stripes (darker colors), of which the upper and lower bounds
are set by the sampling standard deviation at 0°. Such a mix-
ture can yield the expected value at 45° that is in agreement
with our data. It suggests the existence of a substantial portion
of isotropic pairing (15-20%), comparable to that in YBCO
(15%) [34]. On the other hand, the decreasing trend can
be solely attributed to the orbital effect. To further illustrate
this point, we consider tunneling between two 100% s-wave
superconductors with tunneling coherence that is 100 times
higher than that in the s/d mixed situation [6]. The shaded
bands with lighter colors in Fig. 5(b)(c) show the calculated
behaviors, which also reproduces the suppressed I.R, at 45°
observed in experiment. In reality, the two scenarios dis-
cussed above—s-wave/d-wave mixing and orbital effect—may
both participate in giving rise to the angular dependence seen
in experiment. While we cannot rule out the d-wave pairing
scenario for the time being, the estimated 15-20% of s-wave
represents at least the lower bound.

In summary, we fabricate twisted Josephson junctions at
OD and OP doping levels, and demonstrate that they are of un-
precedentedly high crystalline quality at the interfaces. Low-
temperature transport reveals strong Josephson tunneling at
the twist angle of 45°. The conventional temperature de-
pendence of these twisted junctions speaks against the pres-
ence of d+id or d+is-wave pairing. Intriguingly, we observe
Josephson diode effect in the junctions, setting the tempera-
ture for observing such an effect to a record high value of tens
of kelvin. From the angular dependence of the Josephson cou-
pling, we conclude that there exists an indispensable isotropic
pairing component in the twisted Josephson junctions.

This work is financially supported by the National Nat-
ural Science Foundation of China (grants No. 51788104,
No. 12141402, No. 12004041, No. 11922409, No.
11790311, 5); Ministry of Science and Technology of
China (2017YFA0302902, 2017YFA0304600); Innovation
Program for Quantum Science and Technology (Grant No.
2021ZD0302600).

* These authors contributed equally to this work.
T jzhu@mail.tsinghua.edu.cn
 dingzhang @mail.tsinghua.edu.cn
§ gkxue @mail.tsinghua.edu.cn
[1] B.Keimer, S. A. Kivelson, M. R. Norman, S. Uchida, and J. Za-
anen, From quantum matter to high-temperature superconduc-
tivity in copper oxides, Nature 518, 179 (2015).
[2] C. C. Tsuei and J. R. Kirtley, Pairing symmetry in cuprate su-
perconductors, Rev. Mod. Phys. 72, 969 (2000).

[3] Y. Zhong, Y. Wang, S. Han, Y.-F. Lv, W.-L. Wang, D. Zhang,
H. Ding, Y.-M. Zhang, L. Wang, K. He, R. Zhong, J. A. Schnee-
loch, G.-D. Gu, C.-L. Song, X.-C. Ma, and Q.-K. Xue, Node-
less pairing in superconducting copper-oxide monolayer films
on BiySr,CaCu,Og,s, Sci. Bull. 61, 1239 (2016).

[4] Y. Zhu, M. Liao, Q. Zhang, H.-Y. Xie, F. Meng, Y. Liu, Z. Bai,
S. Ji, J. Zhang, K. Jiang, R. Zhong, J. Schneeloch, G. Gu,
L. Gu, X. Ma, D. Zhang, and Q.-K. Xue, Presence of s-
Wave Pairing in Josephson Junctions Made of Twisted Ultrathin
Bi,Sr,CaCu, Oy, s Flakes, Phys. Rev. X 11, 031011 (2021).

[5] J.-Q. Fan, X.-Q. Yu, F-J. Cheng, H. Wang, R. Wang, X. Ma,
X.-P. Hu, D. Zhang, X.-C. Ma, Q.-K. Xue, and C.-L.
Song, Direct observation of nodeless superconductivity and
phonon modes in electron-doped copper oxide Sri_.Nd,CuO,,
Nat. Sci. Rev. 9, nwab225 (2022).

[6] R. A. Klemm, The phase-sensitive c-axis twist experiments on
biysrycacuyog.s and their implications, Philos. Mag. 85, 801
(2005).

[7] T. Yokoyama, S. Kawabata, T. Kato, and Y. Tanaka, Theory
of macroscopic quantum tunneling in high-T, c-axis Josephson
Jjunctions, Phys. Rev. B 76, 134501 (2007).

[8] G. B. Arnold and R. A. Klemm, Theory of coherent c-
axis Josephson tunneling between layered superconductors,
Phys. Rev. B 62, 661 (2000).

[9] A. Bille, R. A. Klemm, and K. Scharnberg, Models of c-axis
twist Josephson tunneling, Phys. Rev. B 64, 174507 (2001).

[10] R. A. Klemm, Theory of BiSr;CaCu,0Os.s cross-whisker
Josephson junctions, Phys. Rev. B 67, 174509 (2003).

[11] O. Can, T. Tummuru, and R. Day, High-temperature topolog-
ical superconductivity in twisted double-layer copper oxides,
Nat. Phys. 17, 5192524 (2021).

[12] T. Tummuru, S. Plugge, and M. Franz, Josephson effects in
twisted cuprate bilayers, Phys. Rev. B 105, 064501 (2022).

[13] S. Y. F. Zhao, N. Poccia, X. Cui, P. A. Volkov, H. Yoo,
R. Engelke, Y. Ronen, R. Zhong, S. P. G. Gu, T. Tummuru,
M. Franz, J. H. Pixley, and P. Kim, Emergent Interfacial
Superconductivity between Twisted Cuprate Superconductors,
ArXiv:2108.13455 (2021).

[14] X.-Y. Song, Y.-H. Zhang, and A. Vishwanath, Doping a moiré
Mott insulator: A t — J model study of twisted cuprates,
Phys. Rev. B 105, L201102 (2022).

[15] X. Lu and D. Sénéchal,
of a Hubbard model for
Phys. Rev. B 105, 245127 (2022).

[16] R. Kleiner, F. Steinmeyer, G. Kunkel, and P. Miiller, /n-
trinsic Josephson effects in Bi,Sr,CaCu,Og single crystals,
Phys. Rev. Lett. 68, 2394 (1992).

[17] R. Kleiner and P. Miiller, Intrinsic Josephson effects in high-T.
superconductors, Phys. Rev. B 49, 1327 (1994).

[18] M. Liao, Y. Zhu, J. Zhang, R. Zhong, J. Schneeloch, G. Gu,
K. Jiang, D. Zhang, X. Ma, and Q.-K. Xue, Superconductor-
Insulator Transitions in Exfoliated Bi,Sr,CaCuy0Og,s Flakes,
Nano Lett. 12, 5660 (2018).

[19] Y. Yu, L. Ma, P. Cai, R. Zhong, C. Ye, J. Shen, G. D. Gu, X. H.
Chen, and Y. Zhang, High-temperature superconductivity in
monolayer Bi,Sr,CaCu,0Og,s, Nature 575, 156 (2019).

[20] X. F. Zhang, D. J. Miller, and J. Talvacchio, Con-
trol of meandering grain boundary configurations in
YBa;Cuz Oy bicrystal thin films based on deposition rate,
J. Mater. Res. 11, 2440?2449 (1996).

[21] Q. Jin and S. W. Chan, Grain boundary faceting in
YBa,Cu3; 07y, bicrystal thin films on SrTiOs substrates,
J. Mater. Res. 17, 323?335 (2002).

[22] Q. Li, Y. N. Tsay, M. Suenaga, R. A. Klemm, G. D. Gu, and

Doping  phase
twisted  bilayer

diagram
cuprates,



(23]

[24]

[25]

[26]

[27]

(28]

N. Koshizuka, Bi,Sr,CaCu,Og,s Bicrystal c-Axis Twist Joseph-
son Junctions: A New Phase-Sensitive Test of Order Parameter
Symmetry, Phys. Rev. Lett. 83, 4160 (1999).

Y. Takano, T. Hatano, A. Fukuyo, A. Ishii, M. Ohmori, S. Ari-
sawa, K. Togano, and M. Tachiki, d-like symmetry of the order
parameter and intrinsic Josephson effects in Bi;Sr;CaCuyOg.os
cross-whisker junctions, Phys. Rev. B 65, 140513 (2002).

Y. I. Latyshev, A. P. Orlov, A. M. Nikitina, P. Mon-
ceau, and R. A. Klemm, c-axis transport in natu-
rally  grown Bi,Sr,CaCu,Og.s  cross-whisker — junctions,
Phys. Rev. B 70, 094517 (2004).

J. Lee, W. Lee, G.-Y. Kim, Y.-B. Choi, J. Park, S. Jang, G. Gu,
S.-Y. Choi, G. Y. Cho, G.-H. Lee, and H.-J. Lee, Twisted van
der Waals Josephson Junction Based on a High-T, Supercon-
ductor, Nano Lett. 21, 10469 (2021).

B. Vignolle, A. Carrington, R. A. Cooper, M. M. J. French,
A. P. Mackenzie, C. Jaudet, D. Vignolles, C. Proust, and N. E.
Hussey, Quantum oscillations in an overdoped high-T, super-
conductor, Nature 455, 9527955 (2008).

Y. He, S.-D. Chen, Z.-X. Li, D. Zhao, D. Song, Y. Yoshida,
H. Eisaki, T. Wu, X.-H. Chen, D.-H. Lu, C. Meingast,
T. P. Devereaux, R. J. Birgeneau, M. Hashimoto, D.-H. Lee,
and Z.-X. Shen, Superconducting Fluctuations in Overdoped
Bi,Sr,CaCu, 0s.5, Phys. Rev. X 11, 031068 (2021).

A. Zhao, Q. Gu, and R. A. Klemm, Angular Dependence of
the Upper Critical Induction of Clean s and d_»-Wave Su-
perconductors with Self-Consistent Ellipsoidal Effective Mass
and Zeeman Anisotropies, J. Phys. Condens. Matter 34, 355601
(2022).

[29]

(30]

[31]

(32]

[33]

[34]

[35]

[36]

G. Gu, K. Takamuku, N. Koshizuka, and S. Tanaka, Large sin-
gle crystal Bi-2212 along the c-axis prepared by floating zone
method, J. Cryst. Growth 130, 325 (1993).

V. Ambegaokar and A. Baratoff, Tunneling Between Supercon-
ductors, Phys. Rev. Lett. 10, 486 (1963).

A. Yurgens, D. Winkler, T. Claeson, G. Yang, I. F. G. Parker,
and C. E. Gough, Bi,Sr,CaCu,0g,s intrinsic Josephson junc-
tions in a magnetic field, Phys. Rev. B §9, 7196 (1999).

H. Wu, Y. Wang, Y. Xu, P. K. Sivakumar, C. Pasco, U. Filip-
pozzi, S. S. Parkin, Y. J. Zeng, T. McQueen, and M. N. Ali,
The field-free Josephson diode in a van der Waals heterostruc-
ture, Nature 604, 653 (2022).

We became aware of a recent preprint reporting similar super-
conducting diode effect but in the OP regime instead of OD or
UD regimes studied here: S. Ghosh, V. Patil, A. Basu, Kuldeep,
D. A.Jangade, R. Kulkarni, A. Thamizhavel, M. M. Deshmukh,
High-temperature superconducting diode. arXiv:2210.11256.
H. J. H. Smilde, A. A. Golubov, Ariando, G. Rijn-
ders, J. M. Dekkers, S. Harkema, D. H. A. Blank,
H. Rogalla, and H. Hilgenkamp, Admixtures to d-Wave
Gap Symmetry in Untwinned YBa,Cu3;O; Superconduct-
ing Films Measured by Angle-Resolved Electron Tunneling,
Phys. Rev. Lett. 95, 257001 (2005).

O. Fischer, M. Kugler, I. Maggio-Aprile, C. Berthod,
and C. Renner, Scanning tunneling spectroscopy of high-
temperature superconductors, Rev. Mod. Phys. 79, 353 (2007).
J. H. Xu, J. L. Shen, J. H. Miller, and C. S. Ting, Su-
perconducting Pairing Symmetry and Josephson Tunneling,
Phys. Rev. Lett. 73, 2492 (1994).



