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Time-reversal symmetry breaking superconductivity
between twisted cuprate superconductors
S. Y. Frank Zhao't, Xiaomeng Cui't, Pavel A. Volkov'>3, Hyobin Yoo®, Sangmin Lee’,

Jules A. Gardener®, Austin J. Akey®, Rebecca Engelke?, Yuval Ronen’, Ruidan Zhong’+,
Genda Gu’, Stephan Plugge®, Tarun Tummuru®, Miyoung Kim®, Marcel Franz®,

Jedediah H. Pixley?, Nicola Poccia™®*, Philip Kim'*

Twisted interfaces between stacked van der Waals (vdW) cuprate crystals present a platform for
engineering superconducting order parameters by adjusting stacking angles. Using a cryogenic
assembly technique, we construct twisted vdW Josephson junctions (JJs) at atomically sharp
interfaces between Bi,Sr,CaCu,0s., crystals, with quality approaching the limit set by intrinsic JJs.
Near 45° twist angle, we observe fractional Shapiro steps and Fraunhofer patterns, consistent with the
existence of two degenerate Josephson ground states related by time-reversal symmetry (TRS).

By programming the JJ current bias sequence, we controllably break TRS to place the JJ into either of
the two ground states, realizing reversible Josephson diodes without external magnetic fields. Our
results open a path to engineering topological devices at higher temperatures.

eak van der Waals (vdW) bonding be-

tween neighboring atomic layers offers

a distinct opportunity for engineer-

ing atomic interfaces with controlled

twist angles (7). Careful adjustment of
the twist angle can create the spatial periodic-
ity of a moiré superlattice (2) with narrow
electronic bands and topological structure
(8). Such twisted structures of various vdW
materials, including graphene (3) and tran-
sition metal dichalcogenides (4), have been
shown to host a plethora of emergent elec-
tronic states, including superconductivity (5),
magnetism (6), Chern insulators (7), general-
ized electronic Wigner crystals (8), and cor-
related insulating states (9).

Atomically layered cuprate high-temperature
superconductors also offer a platform for
twistronics by enabling the engineering of
the coupling between nodal superconduct-
ing order parameters (SOPs) across a twisted
vdW interface (10—15). In Bi,Sr,CaCu,yOg,,
(BSCCO), superconducting CuO, bilayers are
Josephson-coupled through insulating [SrO-
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BiO] bilayers (16), where the crystal can be
mechanically cleaved into atomically flat crys-
tals (17, 18) exhibiting high-temperature super-
conductivity even in the monolayer limit (19).

Josephson junctions (JJs) formed at twist
boundaries between cuprate crystals directly
probe the pairing symmetry of Cooper pairs
(20, 21). For example, using ab-planar tilt grain
boundaries, measurements of angle-dependent
critical currents (22), nonsinusoidal Josephson
current-phase relations (23), and spontane-
ous supercurrents (21) established the cup-
rates as d-wave superconductors where the SOP
changes sign when Cooper pair momentum is
rotated by 90°.

Similarly, interfacial Josephson coupling be-
tween twisted nodal d-wave superconductors
is strongly modulated by the twist angle (15).
Particularly, at a twist angle of 6 = 45° direct
Cooper pair tunneling is forbidden because of
the complete mismatch between the d,._,»
symmetric SOPs across the interface (75). Any
remaining Josephson supercurrents are medi-
ated through second-order processes (10-12, 24);
the system is expected to support topological
time-reversal symmetry (TRS)-breaking super-
conducting phases persisting up to the junction
superconducting transition temperature 7c
(11, 12). Alternatively, TRS can be broken away
from 6 = 45° by an applied current, which is
predicted to induce a topological superconduct-
ing state (13).

Building twisted BSCCO junctions

The preservation of surface superconductivity
of BSCCO crystals after vdW stacking remains
an outstanding experimental challenge (17, 18).
BSCCO crystals react with moisture (19, 25), and
their oxygen dopants become mobile above
200 K (19, 26). BSCCO twist junctions previous-
ly required high-temperature oxygen anneal-
ing to restore interfacial superconductivity
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(27-31), often at the cost of considerable i1 Check for |
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facial structural reconstruction (29, 31-33), wfp&

pressed T (28-31), low critical current density
Jc at zero twist angle (27-29, 3I), and pro-
nounced anomalies in the resistance-temperature
(R-T) curves (28, 29, 31). Most experiments ob-
served no angular sensitivity (27-29), except two
(30, 31) where the Josephson coupling angular
dependence deviated strongly from conven-
tional models of d-wave superconductivity (75).

‘We overcome these challenges by developing
a cryogenic, solvent-free vdW transfer tech-
nique in pure argon using a liquid nitrogen-
cooled stage kept at <—90°C. We cleave an
exfoliated BSCCO crystal into two copies be-
tween BiO planes, while thermally freezing
out oxygen migration and other chemical pro-
cesses at the surface (Fig. 1A and fig. S1). One
of the crystals is quickly rotated to the targeted
twist angle and reassembled with the other. A
Josephson junction forms in the overlapping
region upon contact (Fig. 1, B to D). Two sets of
electrical contacts, both defined by stencil masks
and evaporated on a -30°C cold stage (17),
are prefabricated nearby before cleaving and
placed on the top surface of the bottom crystal
after reassembly. This contact geometry probes
the twist junction while minimizing bulk crys-
tal contributions (Fig. 1H, upper inset). Addi-
tional details are given in section S1 of (34).

Cryogenic handling in argon is critical to
maintaining pristine atomic interfaces without
interfacial reconstruction and oxygen dopant
changes. Figure 1D shows cross-sectional high-
angle annular dark field (HAADF) scanning
transmission electron microscope (STEM) im-
age of a 6 = 46° junction, simultaneously view-
ing both BSCCO crystals on two different zone
axes. Notably, crystalline order is maintained
at the interfacial layer with no change to the
lattice structure (35) in the [001] direction be-
tween atomic layers (Fig. 1E) or along CuO,
planes (Fig. 1, F and G, and figs. S2 to S4). De-
tailed analysis of the interfacial BiO atomic
layer places an upper bound of the twist-angle
disorder below 0.2° [section S2 of (34)]. Sim-
ilar interface quality is uniformly observed across
large areas in several additional junctions (see
figs. S2 to S4, for example). We compare 26 de-
vices with 0 ranging from 0° to 180° with 7 >
79 K and average T¢ of 84 K (Fig. 1H, lower
inset), demonstrating high oxygen dopant uni-
formity even at the junction. Neither 7 nor
the normal-state conductivity are systemati-
cally correlated with 0 (fig. S8).

At 0 = 0% our devices exhibit electronic char-
acteristics similar to the intrinsic Josephson junc-
tions (1JJs) that naturally form between CuO,
layers in BSCCO single crystals (16), demonstrating
the high interfacial quality of our JJs. Figure 11
shows the current-voltage (I-V) characteristics
(IVCs) measured with four terminals at tem-
perature 7 = 9 K. In this low-temperature re-
gime, the JJ exhibits a large hysteresis. As we
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Fig. 1. Twist Josephson junctions with intrinsic junction quality.

(A) Schematic of key fabrication step: a single BSCCO crystal is cleaved using
polydimethylsiloxane (PDMS) below -90°C. (B) Optical micrograph of a BSCCO
twist junction. Dashes outline identical copies of the same crystal. Corresponding
schematic in upper inset of (H). (C) Atomic force microscope topography
showing atomically flat interface. Line trace shows topography along dotted line.
(D) Cross-sectional annular dark field scanning TEM image of 6 = 46° junction,
showing bulk-like crystalline order at the interface. Bright spots are columns

of atoms identified in the upper right corner. (E) Integrated intensity of each
layer. arb, arbitrary units. (F) Fourier transform of TEM line cuts at BiO layers

increase current bias from a large negative value,
the resistive quasiparticle branch of the IVC
undergoes a series of jumps (green arrows) be-
fore retrapping into the superconducting state.
Similar jumps were seen in 1JJs [see section S5
of (34)] (16). Under positive bias current, V first
becomes nonzero at I; (Fig. 11, inset) before
jumping about 20 mV to the resistive state at
the critical current I, marked by the blue tri-
angle. The small voltage rise at I, was previ-
ously seen in some 1JJs (16, 36, 37) and was
attributed to self-field effects (16, 38), whereas
the V jump at I is comparable in magnitude
to the corresponding jump in 1JJs (6, 39, 40).
Upon reversing the bias current polarity (dashed
line), the JJ’s I-V behavior is mirrored along
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I = 0. Normalizing to junction area, we obtain
a critical current density Jc = 12 kA/em? for
this junction, similar to the J of intrinsic junc-
tions (41). Together, these observations indicate
that our 6 = 0° JJ reaches electronic quality
comparable to 1JJs of single-crystal BSCCO.

Twist angle and temperature-dependent
transport

To compare transport characteristics of differ-
ent twisted JJs, we normalized the bias cur-
rent / with the junction normal resistance
Ry [see section S4 of (34) for experimental def-
inition]. Because I and RI;‘ are both propor-
tional to the area of the junction, the product
IcRy is independent of junction area. Figure
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Current Density (kA / cm?)

highlighted in (E), showing atomically sharp structural transition at the interface.
(G) BIO layer lattice periodicity variation, & /k, and peak full width at half
maximum (FWHM) from (F), whose fluctuations are within 0.05%, with peak
FWHM at fast Fourier transform resolution (0.014 nm™). (H) In-plane
resistance in each bulk crystal versus resistance through the artificial junction
between them, showing nearly identical junction T¢. Lower inset shows T¢
distribution among all 26 JJs in the angle-dependence analysis. (I) I-V curve for a
6 = 0° junction in both sweep directions (arrows). Blue triangle highlights Jo
comparable to 1JJs. Green triangles highlight inelastic scattering features seen

at the same voltages in 1JJs (16). Inset shows low-voltage region of IVC.

2A shows the normalized dynamic resistance
[dV/dI]/Rx as a function of Tand IRy at 6 = 0°,
31°, and 44.9° (similar data for 26 JJs studied
are shown in fig. S11). Several features are ap-
parent in these datasets. First, as the current
sweeps from left to right, on the retrapping side
(IRy < 0), constant-voltage inelastic tunneling
features appear in arcs of constant V. Next, on
the switching side (/Ry > 0), both V'and dV/dI
jump at critical current I, which depends on
T. The detailed behavior of I(T)Ry depends
on 0, as we detail below. Finally, we find the
hysteresis of JJs to be reduced in the high-
temperature regime as Io(T)Ry decreases.
The analysis of IRy for 26 devices with 6
between 0° and 180° indicates that the magnitude
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Fig. 2. d-wave SOP symmetry revealed by supercurrent tunneling.

(A) Normalized differential resistance [dV/dl]/Ry versus characteristic voltage IRy
and temperature T. Current is swept to the right. Blue arrows highlight IcRy.

(B) Angular dependence of IcRy at 30 and 12 K. The points follow the |cos(26)|
curve predicted for nearly incoherent tunneling between d-wave superconductors

(15). (Inset) Schematic diagram of the Fermi surface of both crystals, with sign and

of IcRy becomes smaller closer to 45° and 135°,
where the JJs also appear less hysteretic. In
Fig. 2B, we plot IcRy at two representative
temperatures, 12 and 30 K, as a function of a
new variable & = 6 mod 1/2. We observe that
IcRy () follows |cos(26) |, which is expected
for nearly incoherent Cooper pair tunneling
between d-wave superconductors (15). Sim-
ilar angular dependence is seen in junction
critical current density and junction voltage
just above the critical current V(o) (see fig.
S8). In conventional tunneling JJs, eV(Ic) = 2A
(42). In BSCCO 1JJs, eV(Ic) usually reaches
about half the spectroscopic gap value (16).
The temperature dependence of Josephson
coupling in our twisted junctions provides
further insight into the pairing symmetry of
the Cooper pairs in BSCCO. Figure 2C shows
I(DRy for several representative JJs with dif-
ferent 6. For 6 ~ 0, we find that I(7)Ry mono-
tonically decreases as T increases, approximately
following the theory curve for nearly incoher-
ent tunneling between d-wave superconduc-
tors [dashed line; see section S8 of (34)]. As 6
increases, however, a surprising nonmonotonic
behavior of Io(T)Ry appears. For example, for
6 = 29° and 39° in Fig. 2C, I«(T)Ry increases
alongside 7, reaching a maximum value at 7" =
Ty, and then decreases as T approaches 7¢.

Zhao et al., Science 382, 1422-1427 (2023)

More quantitative analysis can be found in Fig.
2, D and E, where we plot the low-temperature
slope d(IcRy)/dT (dashed lines in Fig. 2C and fig.
S12) and observed Ty, respectively. These plots
show a nonmonotonic behavior of I-Ry(7), sig-
naled by the positive slope of IcRn(7) at low
temperatures with finite 7y, appearing within
6 —n/4| <n/8.

The strong 6 dependence of the nonmono-
tonic I(T)Ry in Fig. 2, D and E, points to SOP
d-wave symmetry as its origin. For this ex-
planation, we consider a gap function A; »(K)
superimposed on top of the Fermi surface
E};Z(k) (43), where K is the in-plane Cooper
pair wave vector in the first Brillouin zone and
the index 1 or 2 denotes the top and bottom
layer of BSCCO, respectively. In the twisted JJ,
El(K) and EZ(K) are rotated relative to each
other by angle 6 (Fig. 2B, inset). At 6 ~ 0, E}.(K)
and E%(k) overlap almost completely and
AK)AL(K) is >0, yielding a uniformly positive
contribution to critical current for coherent
tunneling (75). As 0 increases to ~10° the Fermi
surfaces overlap at two points per quadrant in
k-space, but with opposite phase difference
between layers, yielding nodal and antinodal
contribution where A;(k)A,(K) alternates in
sign. Because the supercurrents from these
two components carry the opposite sign, their

22 December 2023

magnitude of superconducting gap A(E) superposed in color. At © > 10° Fermi surfaces
intersect at two points per quadrant (circles) with different relative signs of SOPs.

(C) Temperature dependence of the critical current for select devices. Dashed lines
are linear fits to the low-temperature data. Ty, is the temperature where I¢ is maximal.
Gray theory line shows expected IcRn(T) behavior [see section S8 of (34)]. (D) The slope
of the low-temperature linear fit, d(lcRy)/dT. (E) Ty as a function of angle 6.

contributions to the total critical current com-
pete. As the gap in the nodal region is much
smaller than the antinodal one, nonmonotonic
temperature-dependent I(7) is expected for
0= n/8, where the competition is strongest
[see section S8 of (34) and (44) for more quan-
titative discussion]. We also note that near
O~n /4, the JJ coupling is strongly suppressed
but remains nonzero. For the 6 = (44.9+.1)°
junction, Josephson critical current can be
measured up to 79 K, with IcRy about two
orders of magnitude smaller than the 0° value.

Second-order Josephson coupling near 6 = 45°

The origin of the finite supercurrent near 45°
is encoded in the Josephson current-phase re-
lation (CPR) (@) = jisin(@) + josin(2¢), where
Jand @ are the Josephson current density and
phase, respectively (10, 12, 24). At 0 = 45°, the
maximally mismatched SOP phase eliminates
the conventional direct Cooper pair tunnel-
ing term j;. The supercurrent must then flow
through second-order mechanisms, which are
predicted to support an interfacial supercon-
ductivity with doubly degenerate Josephson
energy owing to the inherent d,>_,» symmetry
of the SOP within each flake (10-12). The CPR
corresponding to this unusual SOP leaves an
experimental signature in the in-plane magnetic

3of6

20T ‘70 YOIRIA UO AJISIOATU[) PIBAIRE 18 SI0°90USI0S' MMm//:sd)IY WOI) papeo[umo]



RESEARCH | RESEARCH ARTICLE

A 0.2

4.5

~ 3
G £
0.16 0.08 > 9
S -
0.07 e
_0.12 & @
S = 006
E 0 €
z 0 I Ry(mV) 025 &

0
Field (mT)

30 40
Field (mT)

0 0 1 2

Voltage (hf/2e) Frequency (2e/hf) Spectral Power (arb)
G 46.5)
20A/ om? Fe w [ . NS

B Bllza o T
@ Sl e e 4507
+ 2LV \/ i 44.6

— % N (/ . \/
70K v 43.79
aroehz|| o 2 3 =P T 35 5

Voltage (hf/2e)

0
V (hfi2e)

V (hf/2e)

Frequency (2e/hf)

Spectral Power (arb)

Fig. 3. Half-integer Shapiro steps and magnetic interference patterns
emerge close to 6 = 45°. (A) Response to in-plane magnetic field By at 6 = 44.9°
One well-developed Fraunhofer pattern corresponding to d = 28 nm (14 nm for

a second-harmonic CPR) appears, as indicated by the gray dashed line. (Left inset)
Junction schematic. The Meissner currents (white lines) in the flakes affect the
phase difference at the twist junction, enhancing its effective thickness d for the
magnetic flux (42) [see section S13 of (34)]. (Right inset) IVCs at fields highlighted
with arrows in the main panel. (B) 6 = 46.3° JJ. Two Fraunhofer patterns with
different magnetic field periodicity appear (dashed lines), with an estimated

d =15 nm (gray) and d =1.5 nm (red). (Inset) [-V characteristics at two different

By, values, showing two jumps in V. (C) & = 44.6° JJ. dV/dl as a function of voltage
across the junction and microwave illumination power P%{FZ at 70 K. dV/dl dips (white,
pink) correspond to Shapiro steps. (Inset) I-V characteristic with half-integer Shapiro
steps. (D) Fourier transform of dV/dlI(V) and (E) the spectral power at vf =1

and 2-2e/hf for the 6 = 44.6° JJ. (Inset) Schematic of the junction free energy
F versus Josephson phase ¢ as twist angle changes. At 45° the second harmonic
dominates the current-phase relation. (F, H, and 1) As in (C) to (E), but for the
43.7° device, where only integer Shapiro steps appear. (G) Representative dV/dl for
all four devices with Shapiro step measurements at different twist angles. Half-
integer Shapiro steps are only observed in junctions closest to 45°

interference (“Fraunhofer”) pattern and microwave-
induced Shapiro steps in the IVC, which are
both sensitive to the presence of two degen-
erate local minima in Josephson energy that
are connected by TRS (10, 11, 24).

Figure 3, A and B, shows Fraunhofer inter-
ference patterns (FIPs) obtained at two differ-
ent angles by applying parallel magnetic field
B||. Figure 3A shows 0 = 44.9° JJ with IC(B”)
oscillation with a period about 20 times shorter
than that expected for intrinsic junctions. At
a nearby angle 6 = 46.3° (Fig. 3B), the short-
period oscillations appear to coexist with a
long-period oscillation characteristic of 1JJs
(41). A reduction in the FIP period implies an
increase in d, the thickness of the interfacial
region where magnetic field penetrates owing
to field-induced currents extending into the

Zhao et al., Science 382, 1422-1427 (2023)

crystal bulk (42). The ratio d/t, where ¢ is
the total junction thickness, depends only
on the properties of the crystal and junction
geometry and should not depend strongly on
the twist angle [see section S13 of (34)]. Not-
ably, for the devices in Fig. 3, A and B, which
share similar geometry, we obtain d/t¢ = 0.1 for
both devices only if we assume that the 44.9°
junction is coupled purely through the second-
order process with a doubled FIP period.

The presence of higher-order harmonics in
the CPR near 45° is further revealed by mea-
suring Shapiro steps in /- under microwave
illumination of frequency f (Fig. 3, C and F,
inset) (11, 24). In conventional JJs, where the
CPR is dominated by the first harmonic of o,
Shapiro steps appear as plateaus of constant
voltage whenever I approaches n-hf/2e, where

22 December 2023

n is an integer. We observe these conventional
integer Shapiro steps in the JJs substantially
away from 0= /4, as shown in the 6 = 43.7°
device (Fig. 3F). Consistent with the FIP dis-
cussed above, the experimentally observed
Shapiro steps also show signatures of the
second-harmonic CPR as 6 approaches nt/4 (Fig.
3C): specifically, when our devices are within
(45+1)°, additional steps at half-integer n ap-
pear. As shown in Fig. 3C, microwave illumina-
tion causes a series of dV/dI dips corresponding
to steps in I-V at both integer and half-integer
n to emerge from the symmetric I~V curve of
an overdamped JJ.

The Fourier components of dV/dI(V) show
the relative strengths of integer and half-integer
Shapiro steps. For the conventional Shapiro
steps appearing in the 43.7° device, the Fourier
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transform shows dominant spectral power for
the first harmonic v, = 2¢/hf (Fig. 3, H and I). In
contrast, for the devices exhibiting half-integer
Shapiro steps (e.g., the 44.6° device at low mi-
crowave power), the Fourier transform is domi-
nated by the second harmonic v, = 4e/hf. The
corresponding dV/dI shows dips of similar
strength at half-integer and integer steps, indi-
cating that second-order processes dominate
over the conventional Josephson coupling close
to 45°

Similar second-harmonic Josephson effects
have been observed in parallel-connected ar-
rays of 0- and n-JJs, where multiple degenerate
ground states can form (45-48). Electronically,
Josephson currents across distributions of facets
in such junctions create disordered magnetic
interference patterns, often with prominent
peaks symmetrically centered about zero mag-
netic field (49-52). This is at odds with our
Fraunhofer-like Jo(B;) measurements. More-
over, our TEM analysis [see section S2 of (34)]
quantitatively bounds our interfacial twist an-
gle disorder to 0.2° which excludes the scenario

of angle inhomogeneity-induced TRS breaking
in this device (53).

Current-trainable Josephson diode effect

The sign of j, in CPR plays an important role
in the quantum properties of twist Josephson
junctions when it exceeds j; in magnitude.
When j, is negative, the JJ ground state splits
into a pair of degenerate states with complex
phase angle ¢ = £, lying between 0 and n
(12, 24) (Fig. 3E, inset). When 0 is tuned slight-
ly away from 45°, both CPR harmonics coexist,
creating asymmetric potential barrier heights
around each of the degenerate energetic minima.
We observe such TRS breaking through an
asymmetric critical current, when the Josephson
phase particle begins to roll down the resistively
and capacitively shunted Josephson (RCSJ)
washboard potential at different tilt angles,
corresponding to different bias currents, in
each direction (Fig. 4A, schematic) (54).

We find that twist JJs slightly away from
6 = 45° exhibit nonreciprocal Josephson crit-
ical current, which can be controlled by the

-400

-800
800

400

J,as(AlCcm?)
o

current sweep sequence. In this scheme, one
can controllably prepare the TRS broken initial
+@, states by the “training current sequence,”
as shown in Fig. 4A. We use both positive and
negative direction (+/-) and full and half sweep
(F/H) to control the location of the phase par-
ticle during the retrapping process with high
probability (24), where the switching critical
current density J(}:ZH is defined from super-
current to normal current transition. We note
that Jgf{ ~ —Jgf H, reflecting the symmetry
between @, states due to TRS in the absence
of magnetic field.

Controlled placement of Josephson phase
particles in a specific ¢ valley (broken TRS)
and the directionally asymmetric barrier asso-
ciated with each valley (broken spatial inver-
sion symmetry) are the critical ingredients for
a Josephson diode (565-64), as shown in Fig. 4,
B and C. Here, by biasing the “training” current
into the voltage state in the forward ireverse) di-

rection with the amplitude between JCFt/ H ,and

then back to zero, the running JJ phase par-
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Fig. 4. Time-reversal symmetry breaking Josephson diode effects.

(A) Junction I-V characteristics obtained from a JJ with 6 = 39.5° at 12 K,
revealing four distinct Jg accessible via different current sweep directions and
histories. Schematics show RCSJ phase particle on the washboard potential just
before reaching Jc. (B and €) Junction current bias (dashes) and voltage
response (lines) across training (gray shading) and test pulses. For each
subpanel, identical training pulses place the RCSJ phase particle in the same
state (schematics). Insets show IVC of each test pulse. (D) Junction response
to consecutive training and test pulses, showing controllable behavior.
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(E) Temperature-dependent switching current distributions of the four different
critical currents. (F) Difference between mean full and half sweep AJ = ‘JE/tH — Jg/ﬂ
versus twist angle 6, and the standard deviation measured at 30 K. Schematics
show the shape of the potential with respect to twist angle, with the phase
particle in the same well before switching. (G) Difference between positive and

negative AJe = ‘JEQH - JECH‘ normalized by average Jag = (JF/ § +JE/I') /2

C+

measured at 30 K. Schematic shows corresponding potential shape near 45°,
where the phase particle is in different wells before switching.
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respectively. A subsequent test sweep measures
a critical current whenever the RCSJ washboard
potential is tilted sufficiently to overcome the
potential barrier, giving rise to asymmetric
critical current densities [J¢, | and [J& |. Note
that we can flip the polarity of this Josephson
diode by flipping polarity of the training cur-
rent (Fig. 4C). In this way, we repeatedly and
controllably prepare the JJ into either ground
state (Fig. 4D). At higher temperatures, the
phase dynamics become damped, which hin-
ders the processes depicted in Fig. 4A by trap-
ping ¢ in the local minima of the washboard
potential. As a result, the Jg /M asymmetry be-
comes less prominent upon heating and van-
ishes at about 50 K (Fig. 4E).

In this study, we investigated the Josephson
diode effect in several JJs with different twist
angles. For each JJ, the critical current differ-
ence AJ = Jg} F/H g/ F reflects the asymmetry
in potential bamers for each +@, valley (Fig.
4F), whereas the difference AJ. = —Jc F/ H
reflects asymmetries between the two free en-
ergy minima (Fig. 4G). In both cases, the dif-
ferences are strongest near 43° and weaken at
both 45° and ~35° where j; and j, terms be-
come negligible, respectively. Away from 45°,
the absence of the diode effect is caused by the
restoration of time-reversal symmetry. At exact-
ly 45° on the other hand, the purely second-
harmonic Josephson potential has an additional
symmetry around =@o: Qg * @ <> =@ ¥ @,
which forbids the diode effect. Therefore, the
diode effect is expected to vanish at 45° and at
sufficiently low twist angles, which is consist-
ent with our results. Thus, the observed diode
effect is closely related to the free energy land-
scape of coexisting first- and second-harmonic
CPR terms. The asymmetry between the two
ground state valleys as observed in Fig. 4G can
arise from an additional cos¢ term in the CPR
[see section S14 of (34) for details]. Our dem-
onstration of the polarity-tunable Josephson
diode effect in near-45° twist BSCCO JJs thus
provides strong experimental evidence for
TRS broken superconductivity based on the
emergent interfacial SOP.
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