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There is a heated debate on the Josephson effect in twisted Bi2Sr2CaCu2O8+x flakes. Latest 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 at the junction interface. 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 study helps establish the persistent presence of an isotropic pairing
component across the entire superconducting phase diagram.
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The pairing symmetry of cuprate superconductors is of
vital importance for constructing a microscopic theory of
high-temperature superconductivity [1–5]. Among proposals
for phase-sensitive experiments to determine the pairing sym-
metry, one approach is to measure the Josephson coupling
between two twisted cuprates along the c axis [Fig. 1(a)]
[6–10]. Based on symmetry arguments, the Josephson tunnel-
ing between two d-wave superconductors vanishes when the
twist angle along c axis is 45◦, while it becomes the strongest
when the twist angle is 0◦. In the case of s-wave supercon-
ductors, the Josephson current persists to flow at 45◦. Apart
from the two scenarios, it was recently proposed [11–13] that
cotunneling of Cooper pairs may occur between two cuprate
monolayers at around 45◦, giving rise to an emergent d + id
or d + is wave pairing. Whether this exotic scenario is appli-
cable to a strongly correlated system remains to be verified
[14,15].

The intriguing proposals above call for careful experimen-
tal tests, which can be carried out by using Bi2Sr2CaCu2O8+x

(BSCCO). BSCCO naturally consists of a series of intrin-
sic Josephson junctions (IJJ) along the c axis [16,17] and
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it can be mechanically cleaved [18,19] into two parts and
reassembled after twisting one of them with a predefined
angle. This reassembling does not impose extra strain or in-
duce changes in stoichiometry, allowing for the realization
of atomically flat interface. By contrast, the in-plane Joseph-
son junctions realized by epitaxy suffer from large structural
distortion, tunneling plane misalignment and chemical in-
homogeneity at grain boundaries [2,20,21]. Historically, the
c-axis twisted BSCCO junctions were realized first by using
bulk bicrystals [22] and whiskers [23,24]. These experiments
favored isotropic pairing instead of d-wave pairing [6,8–10].
However, it remains unclear if these macroscopic junctions
maintained atomically sharp and uniform interfaces [2]. There
also existed technical issues such as overheating [22] and par-
ticipation of multiple IJJ [23,24]. Recently, 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 junction area [4].

Despite this recent improvement, there is still a lack of
consensus. Twisted junctions in the underdoped (UD) regime
(p < 0.1) showed large Josephson coupling strength—the
product of the Josephson critical current and normal state re-
sistance (IcRn)—at 45◦ [4]. Yet another experiment [13] with
samples in the nearly optimally doped (OP) regime reported
suppression of IcRn by two orders of magnitude as the twist
angle varied from 0◦ to 45◦. The discrepancy requests fur-
ther clarification. Notably, the twisted interfaces often exhibit
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FIG. 1. (a) Schematic illustration of the twisted BSCCO junction
and the theoretical expectation of Josephson tunneling based on
different pairing symmetries. Here the top BSCCO (BSCCO-t) is
rotated against the bottom BSCCO (BSCCO-b) by 45◦. (b) Typical
phase diagram of high-temperature cuprate superconductors in-
cluding antiferromagnetism (AF), pseudogap (PG), charge ordering
(CO), strange metal phase (SM), Fermi liquid (FL), and supercon-
ductivity (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) with the electrical circuit for
measuring the Josephson effect. For ac measurements, the dc voltage
source and the voltmeter are replaced by the ac current source and the
lock-in amplifier. BSCCO-t (BSCCO-b) is highlighted by a purple
(blue) semitransparent shade while Ti/Au electrodes are highlighted
by light-yellow semitransparent polygons. The green dashed polygon
marks the hexagonal boron nitride (h-BN) protecting layer.

reduced signal and expanded interlayer spacing in atomically
resolved images [4,13,25]. This extrinsic feature may hinder
the observation of intrinsic effects. Moreover, the tunneling
experiments so far focused on the doping regime from UD to
OP [Fig. 1(b)], which is complicated by the charge ordering,
pseudogap, and strange metal phases. By contrast, the OD
regime is simpler and the corresponding cuprates exhibit well-
established Fermi surfaces [26–28]. The twisted junction is
even predicted to exhibit a nontrivial change of phase differ-
ence from OP to OD [15]. It is, therefore, highly favorable to
extend the experimental study to the unexplored OD regime.

Here, we address the Josephson effect of twisted cuprate
junctions in both OP and OD regimes [Fig. 1(b)]. By high-
resolution transmission electron microscopy (HR-TEM), we
demonstrate that our junctions meet the demanding require-
ment: All atoms at the interfaces possess the same signal
intensities as those in the bulk, attesting to uncompromised
crystalline quality. Transport experiments indicate (1) largely
preserved doping level at the interface; (2) strong Josephson
tunneling at twist angles close to 45◦; (3) conventional temper-
ature dependence of Ic, suggesting the absence of d + id-wave
pairing. We further unveil asymmetric tunneling—Josephson
diode effect—in some junctions. Finally, we compare IcRn at
45◦ and 0◦ in both OP and OD regimes. The weak angular

dependence indicates a prominent isotropic pairing compo-
nent over the 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 a cold van der Waals stacking technique (Appendix A).
The high-crystalline quality of the twisted junctions are
demonstrated by TEM (Appendix B). Figures 2(a1)–2(a4)
show representative images of four samples: OP1, OP2, OD1,
and OD2. TEM also allows us to determine the exact twist
angles by using the Kikuchi patterns [4]. The deviation from
perfect 45◦ is as small as 0.05 − 0.1◦ for OP1 and OP2.
We denote the twist angles as 44.9◦ (45.1◦ is equivalent).
The cross-sectional images in Fig. 2 reveal the top and bot-
tom BSCCO structures from different crystalline orientations.
Furthermore, the bottom halves unveil, along two orthogonal
directions ([010] for OP1 and OD1; [100] for OP2 and OD2),
the uniaxial supermodulation that is innate of BSCCO. No-
tably, atoms of Bi, Sr, Cu, and Ca have comparable intensities
at the interface and in the bulk. This is further supported
by quantitative analyses in Appendix C. It suggests that the
crystalline quality at the interface stays intact after the fabrica-
tion process—a clear improvement over previous experiments
[4,13,25]. In addition, the thickness of the artificial junctions
is slightly larger than that of IJJ: The distance between the
two BiO planes at the twisted interface exceeds the bulk
value by 12% [Fig. 7(c), see below]. We emphasize that TEM
images of equivalently superb quality are obtained from mul-
tiple samples and in horizontally displaced regions across a
few micrometers (see Figs. S1–S5 within the Supplemental
Material, SM [30]).

With the well-characterized interfaces, we now analyze the
transport results (these measurements were carried out before
TEM). For the OP samples, temperature-dependent resistance
shows a narrow superconducting transition with Tc close to
that of the bulk Figs. 2(b1) and 2(b2) and Fig. S6 within
the SM [30], confirming the preserved doping. For the OD
samples [Figs. 2(b3) and 2(b4) and Fig. S7 within the SM
[30]], however, the junction resistance reaches zero at around
50 K but the onset for the superconducting transition starts
at a higher temperature of about 80 K. The higher onset
temperature can be attributed to the top surface of the OD
sample. There, oxygen loss occurs in the final fabrication step.
Further support to this argument is given in Appendix D.
Interestingly, OP junctions do not suffer from this problem,
presumably because their oxygen content is more stable. We
also remark that parallel conduction can plague the study
of junctions fabricated at room temperature [4,25]: The in-
terface can turn insulating but leave the rest of the flake
superconductive.

Figures 2(c1)–2(c4) show tunneling characteristics. The
single vertical branch at zero bias reflects the Josephson
effect between the two twisted cuprate layers. The IJJ 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 [31]. We
obtain the normal state resistance Rn from the section with
I > I+

c and I < I−
c (dashed lines). Figure S9 (within the SM

[30]) demonstrates that 1/Rn is proportional to the junc-
tion area. The extracted IcRn value reaches 3.5 mV in OP1.
The critical voltage Vc, which also reflects the Josephson
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FIG. 2. [(a1)–(a4)] Cross-sectional high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images
of four twisted BSCCO junctions (OP1, OP2, OD1, and OD2). Top and bottom BSCCO are highlighted by purple and blue shades.
The unidirectional supermodulation runs along [100], giving rise to wavy undulation in the bottom section of OP2 and OD2. [(b1)–(b4)]
Temperature-dependent resistance across the junctions. Arrows mark Tc. [(c1)–(c4)] Tunneling characteristics at T = 1.6 K. Darker (lighter)
color reflects data points taken in the positive (negative) sweeping direction. Dashed lines indicate the extraction of Rn. The extracted IcRn

values are indicated in the panels. V +
c (V −

c ) marks the critical voltage when the current is just above I+
c (below I−

c ). [(d1)–(d4)] Temperature
dependence of the critical current. Junction areas are listed in the panels. Dashed curves are the theoretical prediction based on d + id pairing
[12]. Solid curves are guide to the eye.

coupling strength [13,25], is as high as 10 mV. The large
IcRn here is in sharp contrast to the previous report in the
same doping regime, which showed IcRn (44.9◦) as small as
0.19 mV. The difference could arise from statistical fluctuation
because only a few samples have been reported to be within
45.0 ± 0.1◦ in OP (OP1 and OP2 in our case and one in
Ref. [13]). We will also discuss the differences in the fabri-
cation steps in the end.

Our results are inconsistent with the d + id or d + is-wave
pairing scenario [12]. Dashed curves in Figures 2(d1)–2(d4)
indicate the predicted temperature dependence for this exotic
pairing [12]. In contrast, our experimental results show quite
standard behaviors with saturation of Ic at T < 0.5Tc. At twist
angles notably away from 45◦, a nonmonotonic temperature

dependence was also predicted to be evidence for the exotic
pairing [12]. In experiment, we indeed observe nonmonotonic
or nonstandard temperature dependence (Fig. S8 within the
SM [30]), but the nonmonotonic behavior even appears at 0◦
[Fig. S8(g)]. It indicates that the junctions may be influenced
by some extrinsic factors, such as unintentional flux trapping.
Similar suppression of Ic at low temperatures was observed in
IJJ under a small magnetic field [32].

Interestingly, we find that trapped fluxes seem to cause
asymmetric tunneling in some devices [33]. A typical example
of such a Josephson diode effect (JDE) [34] is provided in
Fig. 3. The Josephson critical current in the positive axis is
obviously larger than the absolute value in the negative axis,
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FIG. 3. (a) Current-voltage characteristics of an OD junction
with a nominal twist angle of 45◦ at T = 24 K. Dark and light
colors indicate data obtained in opposite sweeping directions, as
indicated by the arrows. Data are obtained at nominally zero mag-
netic field. Insets schematically illustrate the magnus force ( fm/ f ′

m)
experienced by a vortex under the positive/negative current. Contrast
in the edge roughness could result in asymmetric flux flow when
the current direction reverses. (b) Junction voltage (bottom) under
the square wave of excitation current (±1.2 mA, 0.03 Hz) (top) at
T = 24 K. (c) Histograms of the measured junction voltage data in
(b). (d) Temperature-dependent critical currents in two directions.
Solid curves are guide to the eye.

i.e., I+
c > |I−

c |. The asymmetry factor η = I+
c −|I−

c |
I+
c +|I−

c | is as high as
26% at 1.6 K. This asymmetry is quite stable such that the rec-
tification effect over one thousand repetitions can be achieved
[Figs. 3(b) and 3(c)]. It also persists over the entire super-
conducting regime exceeding 50 K [Fig. 3(d)]. In Fig. S10
within the SM [30], we demonstrate that a junction between
BSCCO-2212 and Bi2Sr2−xLaxCuO6+y (BSCCO-2201) hosts
vanishingly small η, despite obvious broken inversion symme-
try at the interface. Symmetry breaking is therefore unlikely
to account for JDE in Fig. 3. Although a 45◦-twist junction
is used in Fig. 3, similar behaviors are found at θ = 0◦ as
well (Fig. S11 within the SM [30]). There, we obtain the
peak-dip structure of η as a function of B with its center at
1 mT away from 0 T, clearly suggesting a remanent field.
Such a small magnetic field may cause trapped fluxes in the
junction. A rougher edge on one side of the sample [insets
in Fig. 3(a)] may impede the transverse flow of these fluxes
in one of the current directions, giving rise to a nonzero η

[32,35]. Although this scenario remains highly speculative,
our experiments suggest that future search for nonmonotonic
Ic(T ) of intrinsic origins requires a carefully designed shield
to avoid stray magnetic fields.

In Fig. 4(a), we provide an overview of IcRn [36] as a func-
tion of twist angles at both OP and OD. Similar plots but for Vc

are given in Fig. S12 within the SM [30]. We observe appre-
ciable IcRn and Vc in multiple samples around 45◦. These data
points apparently fall outside the expected behavior of a pure
d-wave pairing symmetry. However, IcRn or Vc indeed shows
a drop as θ increases from 0◦ to 45◦, if comparing the maxi-
mal values obtained at different angles. This decrease can be
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FIG. 4. (a) Fan-chart diagrams of IcRn as a function of twist
angles. Filled symbols have angular values determined by TEM.
Other data points have nominal twist angles. Tc for OP (OD) is in
the range of 82 to 88 (57 to 67) K. [(b),(c)] Comparison between the
averaged IcRn at θ (0◦, 90◦)/θ (0◦, 5◦) and that at 45◦. Error bars are
from sampling standard deviations. Shaded bands with darker colors
represent the theoretically expected behavior for a mixture of s wave
and d wave. The tunneling is considered to be strongly incoherent as
represented by γ = 1. The upper and lower bounds of the band take
into account the data scattering σ0,90 (at 0◦ and 90◦) or σ0,5 (at 0◦

and 5◦). Shaded bands with lighter colors are theoretically calculated
angular dependence for pure s wave with enhanced coherence in tun-
neling (γ = 0.01). Details of the calculation is given in Appendix E.

further appreciated in Figs. 4(b) and 4(c), where averaged val-
ues of IcRn at 45 ± 1◦ for OP or 45 ± 2◦ for OD are compared
with those around 0◦ and 90◦. On the one hand, this angular
dependence can be explained by a mixture of isotropic s-wave
and anisotropic d-wave components [4]. The shaded stripes
(darker colors) show the expected angular behavior for a mix-
ture of 15%/20% s-wave and 85%/80% d-wave for OP/OD
junctions. They yield values at 45◦ in agreement with exper-
iment. It indicates a substantial isotropic pairing component
(15–20%), comparable to that in YBa2Cu3O7 (15%) [37]. On
the other hand, the decreasing trend can be solely attributed
to reduced overlap between two sets of bands in momentum
space under c-axis rotation—an orbital effect [4,38]. We con-
sider 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 Figs. 4(b) and 4(c) show the calculated behaviors.
They also reproduce the suppressed IcRn at 45◦ observed in
experiment. In reality, the two scenarios may both participate
in determining the angular dependence. The estimated portion
of 15–20% of s wave only represents a lower bound.

Finally, we discuss differences between our fabrication
process and that described in Ref. [13]. First, the sample
cleavage and stacking were carried out at different tempera-
tures: � –50 ◦C here and � –90 ◦C in Ref. [13]. We argue that
this difference is unlikely to account for the large discrepancy
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of the BSCCO stack. (f) Capping the junction with a h-BN flake.

in the tunneling results because (1) a higher temperature of
−40 ◦C [19] was shown to be sufficient for protecting super-
conductivity even in few-layer BSCCO; (2) Tc in our junctions
is nearly the same as in the bulk, attesting to preserved dop-
ing. Second, an additional step for metal deposition on top
of the junction was used in Ref. [13], whereas we use only
prepatterned electrodes. Our recipe guarantees that the sample
always stays on the same cold stage throughout the whole
fabrication process. Third, all our junctions are capped by
hexagonal boron nitride for protection. This step turns out to
be crucial even for thick samples [39]. The latter two technical
modifications can better protect the junction and may help
underpin intrinsic tunneling effects.

In summary, we fabricate twisted BSCCO junctions with
unprecedentedly high crystalline quality at the interface. We
observe strong Josephson tunneling and conventional tem-
perature dependence at the twist angle very close to 45◦.
Intriguingly, some junctions show asymmetric critical cur-
rents in two current directions. From the angular dependence
of the Josephson coupling, we conclude that there exists
an indispensable isotropic pairing component in our twisted
Josephson junctions.
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APPENDIX A: METHOD

High quality crystals were grown by the traveling floating
zone method with the details described in Ref. [29]. Crystals
in the OP (Tc = 87 K) and OD (Tc = 50 − 70 K) regimes were
employed. The whole fabrication process of junctions was
carried out on a home-built transfer stage inside a glovebox
filled with argon (H2O < 0.01 ppm, O2 < 0.01 ppm). The
transfer stage allows multiaxis (x, y, z, and θ ) motor-driven
motion of the sample relative to a cantilever under a micro-
scope.

Figure 5 shows the key steps for making the twisted junc-
tions. We prepared polydimethylsiloxane (PDMS) by using
Dow Corning Sylgard 184 (base: curing agent = 10:1) baked
at 120◦C on a sapphire plate. The PDMS on the sapphire
plate was then loaded onto the cantilever, with the PDMS
side facing downward. Two SiO2/Si substrates were placed
on the same sample stage: one bare substrate and one with
prepatterned Ti/Au (5/40 nm) electrodes realized by standard
photolithography and e-beam evaporation.

We first deposited BSCCO flakes onto the bare substrate
via the standard mechanical exfoliation. Both the cantilever
and the sample stage were then cooled to −50 ◦C (as measured
by the PT-100 sensors), by copper cold fingers connected
to a home-built liquid nitrogen dewar inside the glovebox.
We used the PDMS to cleave a selected flake in situ into
two pieces [Fig. 5(a)]. Afterwards, the substrate was rotated
to the designated angle. We moved the sample stage rela-
tive to the cantilever such that the two cleaved flakes can
have a small overlapping area [Fig. 5(b)]. The sample stage
was further raised to bring the PDMS into contact with the
top surfaces of both top and bottom BSCCO. Subsequently,
we separated the cantilever from the sample stage. A stack
consisting of both the top Bi-2212 and the bottom Bi-2212
could be picked up this way. It was often accompanied by
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FIG. 6. Fabrication steps for TEM. (a) Deposition of a protective layer (Pt) with a working area of 5 µm × 16 µm on the junction region.
Green and red dashed lines demarcate the junction region and the working area for TEM studying. (b) Cutting and extraction of a slab in the
junction area. (c) Thinning of two regions (marked by blue dashed rectangles) for TEM imaging. The lateral size is approximately 5 µm. A
series of TEM images are collected from these two regions.

another cleavage in the bottom Bi-2212 flake, as indicated in
Fig. 5(c).

We then transferred the junction to the prepatterned sub-
strate [Fig. 5(d)]. Here, we released the junction onto the
substrate as the sample stage was at about −30◦ by detaching
it from the cold finger [Fig. 5(e)]. The top and the bottom
BSCCO flakes (about 30–200-nm thick) were contacted from
the bottom by the electrodes. In order to protect the central
area from direct exposure to air, we capped it with a flake of
hexagonal boron nitride (h-BN) [Fig. 5(f)].

After the stacking in the glovebox, samples were wired
to chip carriers (each within an hour at ambient conditions)
and loaded into the closed-cycle helium-free cryogenic sys-
tems for measurements. We measured resistance by using the
standard lock-in technique with a typical excitation current of
1 µA at 13.3 Hz. The tunneling characteristics was carried out
in a four-terminal configuration by using a dc current source
and a dc nanovoltmeter. TEM studies were carried out after
the transport characterizations.

APPENDIX B: TEM CHARACTERIZATION

1. FIB sample preparation

Samples for cross-sectional transmission electron mi-
croscopy (TEM) were prepared by FIB with a Ga ion beam
(30 kV) using the Zeiss Auriga workstation. Figure 6 illus-
trates the key fabrication steps. We selected a rectangular
region of the junction area to deposit Pt as the protective layer.
A vertical slab with a horizontal length of about 16 µm was cut
out by the Ga ion beam at 30 kV. Subsequently, the two sides
exposing the cross-section of the BSCCO stack were lightly
polished several times by low energy Ar ion milling (ramping
down from 900 eV to 500 eV). This milling helped remove
the amorphous layers on the surface, which were caused by
the Ga ion beam. It also resulted in uniformly large and thin
areas that were suitable for TEM imaging [Fig. 6(c)].

2. High-angle annular dark-field
(HADDF) method

HAADF-STEM experiments were carried on FEI-Titan
Cubed Themis 60-300. It can collect high-resolution STEM

images with a spatial resolution of 0.06 nm. The microscope
possesses a high brightness electron gun (X-FEG with a
monochromator), a probe corrector, an image corrector, and a
postcolumn imaging energy filter (Gatan Quantum 965 Spec-
trometer). The semiconvergence angle of the electron beam
and the collection angle of the HAADF detector are 25 mrad
and 64–200 mrad, respectively. Before the data acquisition,
samples were placed in the interested region for stabilizing
a few hours. To further reduce any remaining thermal drift,
a fast scanning speed (0.4 pixel/μs) was used for collecting
each image with 1024 × 1024 pixels.

APPENDIX C: QUANTITATIVE ANALYSIS OF THE
INTERFACIAL CRYSTALLINE STRUCTURE

Here we demonstrate the high crystalline quality achieved
at our Josephson junction by quantitatively analyzing the
TEM images. For the superconducting layer, we take a hor-
izontal line cut along the CuO2 plane of the top BSCCO next
to the twist boundary. We compare this line profile with that
obtained from the CuO2 plane far away from the interface, as
shown in Fig. 7(a). Each peak represents one row of Cu atoms.
Clearly, the two line profiles are closely matched. Figure 7(b)
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 compara-
ble to those from the bulk (indicated by black arrows). In
general, the artificial interface is atomically flat without any
reconstruction or wrinkles. In addition, we point out that the
thickness of the artificial junctions is slightly larger than that
of IJJ. The separation between the vertical dashed lines in
Fig. 7(b) 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. Figures 7(c) and 7(d) summarize the
distances between the two BiO planes (dBi−Bi) and the two
Ca planes (dCa−Ca) across the interface. On average, dBi−Bi

is larger than the bulk value by 12%. Consequently, dCa−Ca

across the artificial interface is 2.4% larger than that of the
bulk.
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FIG. 7. (a) Intensity profile of the CuO2 plane close to the interface (red) and that in the bulk (black) for sample OP1, OP2, OD1, and OD2.
(b) Normalized intensity profiles along the c axis. Red arrows mark the peaks from BiO layers at the interface. Here, z = 0 marks the twist
boundary. Curves are horizontally offset for clarity. Purple and blue bands on the top indicate the top and bottom BSCCO. [(c),(d)] Extracted
interlayer distances dBi−Bi and dCa−Ca in our four twisted samples. Here, dBi−Bi (dCa−Ca) is the distance between the two nearest-neighbored
BiO (Ca) planes at the twisted interface. The solid lines represent the mean value in the intrinsic junction. The dashed lines indicate the error
bar, as defined by the standard deviation.

APPENDIX D: PRESERVATION OF DOPING LEVEL AT
THE INTERFACE IN OD JUNCTIONS

For OD junctions, the superconducting transition starts at
about 80 K. This onset temperature Tonset is much higher
than the temperature (about 50 K) at which the resistance
drops to zero Tc0. There are also steps in the superconducting
transition, indicating phase separations. Examples are shown
in Fig. 2 and Fig. S7 within the SM [30]. These features reflect
doping inhomogeneity in the sample. Here we demonstrate
that this inhomogeneity stems from the loss of oxygen on
the upper surface of the OD-BSCCO. The twisted interface,
which is buried inside the BSCCO stack, largely retains the
initial doping level.

Previous experiments on exfoliated BSCCO establish that
oxygen out-diffusion is the predominant cause of doping
variation in ultrathin flakes [18,19]. It is noteworthy that
for a multilayer BSCCO flake, the oxygen out-diffusion
happens in the outer layers while the doping level in the
inner layers can be kept unaffected. This can explain why
some BSCCO/BSCCO junction shows no Josephson tun-
neling across the twisted interface but the individual flakes
display superconducting transition similar to the bulk [25].
During our sample fabrication process in Fig. 5, oxygen out-
diffusion could happen in either the top or the bottom surfaces
once they are exposed to the Ar atmosphere. Specifically,
we list the possible oxygen-releasing surfaces of each step:
(1) the bottom surface of BSCCO-t and the top surface of
BSCCO-b in the first step after cleavage [Figs. 5(a) and
5(b)]; (2) the bottom surfaces of BSCCO-t and BSCCO-b
during the third and fourth steps [Figs. 5(c) and 5(d)]; (3)

the top surfaces of BSCCO-t and BSCCO-b in the fifth step
[Fig. 5(e)].

To check if oxygen out-diffusion really occurs in the
above-mentioned steps, we measure BSCCO-t and BSCCO-b
separately [Figs. 8(a) and 8(b)] in two samples. Here, large
h-BN flakes are selected to cover the complete BSCCO stacks,
minimizing oxygen out-diffusion and surface degradation
when the samples are out of the glovebox. Figures 8(c)–8(e)
show that Rt and Rb from the individual flakes possess the
same Tc0 of 55–60 K. It indicates that oxygen loss at the
bottom surfaces of both BSCCO-t and BSCCO-b is strongly
suppressed. Otherwise, the doping level of the bottom surfaces
would move from OD to OP. In the situation of parallel con-
duction channels contacted from the bottom [schematically
drawn as inset to Figs. 8(d) and 8(e)], a bottom surface at OP
would give rise to the appearance of zero resistance at around
80 K instead, in direct contrast to the experimental observa-
tion. We note that the situation is different if the top surfaces
move to a lower doping because they cannot short-circuit the
entire BSCCO stack in the bottom contacting configuration.

The bottom surfaces are exposed to the Ar atmosphere
during the first to fourth steps. Their absence of oxygen loss
clearly demonstrates that −50 ◦C is sufficient to quench the
oxygen out-diffusion. Since the junction is formed at the same
cryogenic temperature [Fig. 5(b)], its doping level must be
preserved too. Still, we observe Tonset of about 80 K in both
Rt/b and Rj . As we have excluded oxygen out-diffusion in
the first to fourth steps, we therefore conclude that oxygen
out-diffusion only happens in the fifth step [Fig. 5(e)]. In
other words, top surfaces of BSCCO-t and BSCCO-b lose
oxygen at the slightly elevated temperature of −30 ◦C. We
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FIG. 8. [(a),(b)] Schematic drawings for measuring the resis-
tances of the top and bottom layers separately. Here the complete
BSCCO-t/BSCCO-b stack is covered by a h-BN flake (not shown).
[(c)–(e)] Temperature-dependent resistances of the two samples (S1
and S2) taken either across the junction (c) or on the individual sides
[(d),(e)]. The insets illustrate the parallel conduction. At tempera-
tures above 80 K, the entire stack is in the normal state (N). Between
60 to 80 K, the top surfaces become superconducting (SC). Below
60 K, the entire stack becomes superconducting.

emphasize that this out-diffusion only affects the
superoxygenated samples in the overdoped regime. The
OP junctions do not show this behavior.

APPENDIX E: THEORETICAL CALCULATIONS

We use the formula as described in our previous paper (see
Supplemental Material of Ref. [4]) to calculate the Joseph-
son critical current at different twist angles. Here we mainly
emphasize the modifications in notations. We use the follow-
ing formula for the modulus square of the tunneling matrix
element:

F (k, k′) = F0 exp

(
−|k − k′|2a2

2π2γ 2

)
(E1)

where k, k′ are the momentum vector in the top and bottom
layers, a is the lattice constant, and γ determines the degree
of tunneling coherence. The tunneling is fully incoherent as
γ → ∞. We use the following gap function for the mixture
of s-wave and d-wave pairing:

�s+d = (1 − p) · �0[cos(kxa) − cos(kya)] + p · �0. (E2)

Here p represents the percentage of the isotropic s-wave
component.

For numerical calculations, we set the temperature to 1.6 K
and summed up 600 Matsubara frequencies to ensure con-
vergence. The integrations were calculated by dividing each
Brillouin zone of the two layers into a 100 by 100 lattice
for the calculation with γ = 1 and 400 by 400 lattice for
γ = 0.01.
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