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C O N D E N S E D  M AT T E R  P H Y S I C S

Non-Majorana origin of anomalous current-phase 
relation and Josephson diode effect in Bi2Se3/NbSe2 
Josephson junctions
Andrei Kudriashov1,2*†, Xiangyu Zhou1,2†, Razmik A. Hovhannisyan3, Alexander S. Frolov4,5, 
Leonid Elesin1,2,6, Yi Bo Wang2, Ekaterina V. Zharkova5,6, Takashi Taniguchi7, Kenji Watanabe8, 
Zheng Liu9, Kostya S. Novoselov2, Lada V. Yashina4,5, Xin Zhou2*, Denis A. Bandurin1,2*

Josephson junctions (JJs) are key to superconducting quantum technologies and the search for self-conjugate 
quasiparticles potentially useful for fault-tolerant quantum computing. In topological insulator (TI)–based JJs, 
measuring the current-phase relation (CPR) can reveal unconventional effects such as Majorana bound states 
(MBS) and nonreciprocal transport. However, reconstructing CPR as a function of magnetic field has not been 
attempted. Here, we present a platform for field-dependent CPR measurements in planar JJs made of NbSe2 and 
few-layer Bi2Se3. When a flux quantum Φ

0
 threads the junction, we observe anomalous peak-dip CPR structure 

and nonreciprocal supercurrent flow. We show that these arise from a nonuniform supercurrent distribution that 
also leads to a robust and tunable Josephson diode effect. Furthermore, despite numerous previous studies, we 
find no evidence of MBS. Our results establish magnetic field–dependent CPR as a powerful probe of TI-based 
superconducting devices and offer design strategies for nonreciprocal superconducting electronics.

INTRODUCTION
Characterizing and controlling supercurrent flow in Josephson junc-
tions (JJs) is critical for advancing both fundamental research and 
practical applications, from superconducting classical and quantum 
technologies (1–4) to the discovery of exotic quasiparticles (5–11). 
While conventional methods, such as measuring the critical current 
between dissipationless and resistive states, have been instrumental 
in studying JJs, they often provide limited insight into fundamen-
tal mechanisms like spin-orbit coupling (SOC) (12), quantum-
geometric effects (13), and pairing symmetry (14) that govern their 
superconducting properties. At the same time, spectroscopic tech-
niques probing the amplitude of the superconducting wave function 
(15) lack direct access to phase-dependent phenomena such as 
current-induced hidden states (16) and screening currents in super-
conductor/ferromagnet hybrids (17) that were uncovered only re-
cently with the advent of sensitive noninvasive scanning probes. 
These limitations are amplified in JJs with topologically nontrivial 
weak links (18–21), where multiple confounding factors (22–30) can 
mimic transport signatures of Majorana bound states (MBSs) (31–
34), pivotal for fault-tolerant quantum computing (5, 35, 36). Phase-
sensitive information is also crucial for understanding nonreciprocal 

supercurrent transport and the Josephson diode effect (JDE), a re-
search focus in superconducting nanoelectronics (37). While JDE 
has been observed in various systems (17, 37–41), directly probing 
the direction and amplitude of nonreciprocal supercurrent in topo-
logical insulator (TI)–based JJs as a function of external tuning 
knobs (42)—such as a magnetic field—and uncovering its possible 
relation to MBS (43, 44) have remained experimentally difficult. 
These challenges have resulted in a proliferation of studies making 
unsubstantiated claims about MBS signatures in some TIs and the 
nature of the JDE in related systems. To circumvent the limitations of 
the transport and spectroscopic approaches and get access to the 
internals of the topological JJs, an alternative methodology frame-
work is needed.

Here, we propose and realize such a framework that is based on 
accurate field-dependent reconstruction of the current-phase relation 
(CPR) in a lateral JJ made of a superconducting NbSe2 and one of the 
most-known TI—Bi2Se3 (45, 46). Although several studies have investi-
gated the zero-field CPR of TI-based JJs (47–52), none of them reported 
the exploration of the critical regime near Φ0 , where MBSs are antici-
pated to dominate the supercurrent (32, 33). At the same time, the CPR 
of conventional and topological JJs in the regime of JDE has remained 
largely unexplored. We fabricated lateral van der Waals (vdW) hetero-
junctions and incorporated them into superconducting quantum inter-
ference devices (SQUIDs). By controlling the flux through the SQUID 
using a superconducting local flux line, we performed precise CPR 
measurements of individual JJs and its dependence on the external 
magnetic field. Near Φ0 , we observe unconventional CPR characteris-
tics and nonreciprocal supercurrent flow, which we show to stem from 
the nonuniform supercurrent distribution (SD). The latter generates 
distinctive nonreciprocal CPR, giving rise to a robust and tunable JDE 
with 30% efficiency. Finally, we observe no signatures of MBS near a 
single flux quantum conditions in the CPR data, thereby challenging 
dozens of theoretical and experimental studies on superconductor-
proximitized Bi2Se3.
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RESULTS
Planar vdW JJs
Our devices consist of planar JJs formed by two superconducting 2H-
NbSe2 electrodes coupled through a 5-nm-thick TI Bi2Se3 (Fig. 1A) 
(53). Device fabrication was performed using a standard dry transfer 
method within an argon-filled glovebox to prevent surface degrada-
tion of the constituent materials (54). The fabrication process began 
with mechanical exfoliation of thin Bi2Se3 flakes onto a Si/SiO2 sub-
strate. Subsequently, an atomically flat NbSe2 flake, containing an 
intrinsic crack (55, 56), was transferred onto the Bi2Se3, forming two 
superconducting electrodes separated by a narrow gap of L ≈ 150 nm 
(Fig. 1B). Unlike conventional thin-film deposition techniques that 
typically involve sputtering superconducting electrodes onto TIs—a 
process known to introduce structural and compositional disorder 
(57)—our method ensures atomically sharp interface between the 
materials critical for superconducting proximity (58–60). High-
resolution high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) imaging (Fig. 1, C and G to I, and 
Supplementary Materials) reveals the structural characteristics of the 
heterostructure, confirming the exceptional interface quality, which is 
important for JJ experiments. The heterostructure was further cov-
ered by a relatively thick (40 nm) slab of hexagonal boron nitride 
(hBN) to protect the device during subsequent patterning using elec-
tron beam lithography (see Materials and Methods and the Supple-
mentary Materials).

We fabricated three different samples, all featuring robust prox-
imity effect (Supplementary Materials). The data in the main text are 

shown for one of them. This device contains two junctions, which we 
will refer to as JJ1 and JJ2, shown in the optical image in Fig. 1D. We 
intentionally oriented NbSe2 crack in a way to ensure different junc-
tion widths and patterned the device in a SQUID geometry, which is 
required for CPR measurements (details below). While we first mea-
sured the as-fabricated SQUID, for convenience, we initially present 
data from the individual junctions, obtained after etching the SQUID 
into two independent devices. The current-voltage ( I-V  ) curve of JJ1, 
shown in Fig. 1E, is typical for proximity JJs. It displays a zero-voltage 
state for currents below the critical current Ic , followed by a sharp 
transition to the resistive state as the current exceeds Ic . Upon de-
creasing the current, the junction remains in the resistive state until 
the current drops below the retrapping current Ir , leading to hyster-
esis in the curve. Hysteresis is typical for this type of device and is 
likely caused by a combination of self-heating effects (61) and an 
increased McCumber parameter, which can become large due to the 
enhanced capacitance from the gate electrodes (62).

Since the transition from superconducting to normal state is very 
sharp, it allows us to define a critical current Ic and a retrapping cur-
rent Ir using the threshold method and accurately determine its de-
pendence on the magnetic field, B. Figure 1F shows Ic as a function 
of B for both JJ1 and JJ2. It exhibits a characteristic Fraunhofer-like 
pattern, where the critical current Ic oscillates as a function of the 
applied magnetic field B , reaching minimum (nonzero) values when 
the magnetic flux through the junctions is close to integer multiples 
of the magnetic flux quantum, Φ1,2 = nΦ0 , where 1,2 indices corre-
spond to JJ1 and JJ2, respectively, and n is integer.

Fig. 1. Planar vdW NbSe2/Bi2Se3 JJs. (A) Schematic illustration of a single JJ. A few-layer Bi2Se3 film is covered by a cracked NbSe2 flake, with Ti/Au electrodes contacting 
the NbSe2 regions. The device is fabricated on an oxidized Si substrate. (B) Atomic force microscopy topography of the cracked NbSe2 region. White solid line indicates the 
height profile across the crack. Measurements performed in an Ar-filled glovebox. (C) Representative high-resolution HAADF-STEM image across the NbSe2/Bi2Se3 inter-
face. (D) Optical micrograph of an hBN-encapsulated NbSe2/Bi2Se3 stack comprising two Bi2Se3 flakes that form two JJs (JJ1 and JJ2). (E) Characteristic I -V  curve of JJ1 
measured at base temperature T = 8 mK. Arrows indicate the bias current sweep direction. I+,−

c
 and I+,−

r
 denote critical and retrapping currents for positive (+) and negative 

(−) current directions, respectively. (F) Magnetic field dependence of the critical current Ic for JJ1 (blue) and JJ2 (red) at the specified temperature. (G) Typical STEM image 
of the device cross section. (H) Zoomed-in STEM image of the NbSe2/Bi2Se3 interface at the end of the NbSe2 flake. (I) STEM image of the atomic planes in NbSe2.
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CPR measurements
Since the widths of the two junctions were intentionally made differ-
ent, their Ic(B) patterns also differ (as shown in Fig. 1, D and F). Im-
portantly, when B ≈ 0.75 mT (which corresponds to the interference 
pattern minimum), I JJ1

c
≈ 60 nA and I JJ2

c
≈ 1 μA. By redesigning the 

asymmetric SQUID technique (51, 63, 64) with an additional flux 
bias, we leveraged this order-of-magnitude asymmetry in critical cur-
rent to enable measurements of the CPR of JJ1 as a function of exter-
nal magnetic field, a capability previously unattained in TI-based JJs.

The idea behind this technique is the following. The supercurrent 
through the SQUID is the sum of supercurrents through individual 
JJs: ISQUID

s
= I JJ1

s

(

φ1

)

+ I JJ2
s

(

φ2

)

 , where φ1 and φ2 are the phase 
differences in JJ1 and JJ2, respectively. Assuming negligible induc-
tance L of the SQUID (in our geometry L ⋅ Ic ∕Φ0 ∼ 10−3 ), the phase 
differences are related by the magnetic flux through the SQUID, 
Φ , as φ1 − φ2 = 2πΦ∕Φ0.

When the critical current of JJ2 is notably larger than that of JJ1, 
φ2 = φ∗ , where φ∗ is the phase at which the critical current of JJ2 is 
achieved and it is almost independent of Φ . As a result, the critical 
current of the SQUID can be expressed as

where φ1(Φ) = φ∗ + 2πΦ∕Φ0 . Therefore, the desired CPR, I JJ1
s

(

φ1

)

 , 
can be reconstructed from Eq. 1 through the accurate measure-
ments of ISQUID

c
(Φ) (51).

To perform such experiment, we used a SQUID made of JJ1 and 
JJ2 shown in Fig. 2A. Figure 2B reveals fast ISQUID

c
(B) oscillations 

modulated by the combination of interference patterns from indi-
vidual JJs, highlighting the typical SQUID pattern. When B ≈ 0.746 mT, 
the amplitude of the oscillations is suppressed (Fig. 2C), reflecting 
that JJ1 is close to the Fraunhofer minimum—the point of interest in 
our study. For an accurate control of Φ while maintaining magnetic 
field through JJ1 constant, we endowed our device with an alumi-
num flux line located relatively far from the JJs (Fig. 2A). By 
applying the current through the flux line and accounting for the 
superposition of both magnetic fields, we mapped the full depen-
dence of ISQUID

c
 on Φ and B shown in Fig. 2D.

Next, using these data and Eq. 1, we obtained the CPR I JJ1
s

(

φ1

)

 at 
selected values of B in the vicinity of the first interference pattern 
minimum, as shown in Fig. 2E. This is the central plot of our study. 
At B = 0.708 mT and B = 0.782 mT, the CPRs are 2π-periodic func-
tions oscillating in anti-phase with respect to each other. This phase 
shift is expected since the JJs experience 0-π transition when cross-
ing the integer number of flux quanta (25). At B = 0.746 mT, the 
periodic pattern undergoes a notable transformation, developing an 
anomalous peak-dip structure (highlighted by the yellow rectangle) 
that notably deviates from the anticipated CPR behavior where 
the critical current through JJ1 is expected to be fully suppressed 
(see below).

For further analysis of the observed anomalies, we characterize 
these features phenomenologically and fit the data with a two-harmonic 
expansion: I JJ1

s

(

φ1

)

= I0 + I1sin
(

φ1+θ1
)

+ I2sin
(

2φ1+θ2
)

 (solid 
lines in  Fig.  2E). Here, I1,2 and θ1,2 represent the amplitudes and 
phases of the first and second harmonics, respectively, and I0 is the 
offset introduced by the asymmetric SQUID technique (see Eq. 1). 
The amplitude of the first harmonic I1 decreases, reaching a mini-
mum nonzero value at B = 0.746 mT, before increasing again, while 
the phase θ1 undergoes a smooth 0-π transition, as shown in Fig. 2 

(F and G). In contrast, the amplitude of the second harmonic I2 
gradually decreases over the entire measurement interval, showing 
no features associated with B = 0.746 mT, while the phase θ2 re-
mains close to zero, as shown in Fig. 2 (H and I). Therefore, there is 
a magnetic field–dependent phase shift between first and second 
harmonics, which leads to another notable characteristic of the ob-
served CPR: its directional asymmetry (the amplitudes of positive 
and negative supercurrents differ at certain magnetic fields, as 
marked in Fig. 2E). This asymmetry implies that the junction exhib-
its a nonreciprocal transport, where the magnitude of the critical 
current depends on its direction through the JJ.

Nonreciprocal CPR and Josephson diode
To demonstrate and analyze the nonreciprocal behavior, we return 
to the data obtained on JJ1. Figure 3A shows examples of two I-V  
curves for JJ1 measured at B = ± 0.7 mT and reveals the anticipated 
nonreciprocity: I+

c
≠ I−

c
 , indicating the manifestation of JDE (37). 

Figure 3B details this observation further by showing I+
c

 and I−
c

 as a 
function of B in the vicinity of the single flux quantum. The clear 
in-equivalence between the two persists for ∣B∣ < 0.8 mT and abruptly 
disappears for larger ∣B∣.

For further analysis, we quantify the strength of the diode effect 
by introducing a diode efficiency factor Q =

(

I+
c
−∣I−

c
∣
)

∕
(

I+
c
+∣I−

c
∣
)

. 
 Figure 3C shows the tunability of Q on magnetic field B , revealing a 
distinctive tooth-like structure. The efficiency ∣Q∣ exhibits periodic 
behavior, vanishing at integer numbers of flux quanta Φ0 through 
the junction, followed by sharp increases with increasing B . In 
our devices, the maximum achieved efficiency ∣Q∣ reached approxi-
mately 30%.

These large values of ∣Q∣ allow us to demonstrate a robust recti-
fication effect (Fig. 3D). To this end, we applied square-wave cur-
rent oscillations (black line) across the junction with the amplitude 
0.2 μA, which is between ∣I−

c
∣ = 0.18 μA and I+

c
= 0.3 μA. The result-

ing voltage drop appears only during half of the excitation period, 
and its sign can be controlled by the direction of B (see blue and red 
curves in Fig. 3D).

Theoretical modeling
To understand the origin of the observed anomalous CPR and the JJ 
diode effect, we use the standard expression (26, 30, 65) that de-
scribes the supercurrent flow through the narrow JJ, i.e., when 
W < λJ , where W is the width of the junction and λJ is the Josephson 
penetration length (see the Supplementary Materials)

Here, y is the coordinate along the junction, with y = 0 being the 
center of the junction, Jc

(

y
)

 is the SD at B = 0 , js is the local CPR, φ1 
is the Josephson free phase, α = 2πLeff ∕Φ0 , and Leff is the effective 
length of the junction, which is determined by the geometry of the 
superconducting leads in the case of a planar JJ (66). Since Is

(

φ1

)

 
describes the total supercurrent through the junction as a function 
of the phase difference between the superconducting leads φ1 , we 
will refer to this dependence as a global CPR, the desired property 
of the Bi2Se3/NbSe2 JJ that we investigate in our study. Equation 2 

ISQUID
c

(Φ) = I JJ2
c

+ I JJ1
s

[

φ1(Φ)
]

(1)

Is
(

φ1

)

=

W∕2

∫
−W∕2

Jc
(

y
)

js
(

αBy+φ1

)

dy (2)
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allows to calculate the magnetic field dependence of the CPR as well 
as of the critical currents I+

c
=maxIs

(

φ1

)

 and I−
c
=minIs

(

φ1

)

.
First, we apply Eq. 2 to the simplest case of uniform supercurrent 

flow Jc
(

y
)

= 1 and sinusoidal local CPR js(φ) = sin(φ) . The results 
are shown in Fig. 4A (bottom) that maps Is against B and φ1 . The map 
reveals a sudden change of Is sign at Φ1 = Φ0 that is achieved when 
B = 0.85 mT, demonstrating the standard 0-π transition. The cal-
culated dependence is drastically different from the experimentally 

obtained CPR (see Fig. 2D), highlighting the distinctive supercurrent 
transport mechanism in our devices.

The obtained I+,−
c

(B) dependencies, shown in Fig. 4A (top), describe 
conventional Fraunhofer pattern I

c
= I

c0
∣sin

(

πΦ∕Φ
0

)

∕
(

πΦ∕Φ
0

)

∣ 
for ideal JJs, which notably deviate from experimentally measured 
Ic(B) (Fig. 5). This implies that our device features a nonuniform SD 
Jc
(

y
)

 along the junction that needs to be accounted for in further 
analysis. To this end, we determine the SD Jc

(

y
)

 using a standard 

Fig. 2. NbSe2/Bi2Se3 SQUID and CPR measurements. (A) Optical micrograph of the SQUID incorporating two JJs (JJ1 and JJ2) with measurement configuration overlay. 
Direct current flows between contacts 1 and 2, while voltage is measured across contacts 3 and 4. A perpendicular magnetic field is applied externally, and a supercon-
ducting Al line controls the magnetic flux through the SQUID. (B) Critical current ISQUID

c
 as a function of magnetic field, measured at base temperature T = 8 mK. (C) Magni-

fied view of the region near one magnetic flux quantum through JJ1. (D) ISQUID
c

 plotted against magnetic field ( B ) and magnetic flux through SQUID ( Φ ), normalized to Φ0 . 
(E) CPR of JJ1 extracted along vertical dashed lines in (D). Symbols represent experimental data; solid lines show best fits to IJJ1

s

(

φ1

)

= I0 + I1sin
(

φ1+θ1
)

+ I2sin
(

2φ1+θ2
)

 . 
Dashed lines represent I0 . Data are shifted vertically for clarity. (F) Amplitude I1 of the first harmonic plotted versus magnetic field B . (G) Phase θ1 of the first harmonic plot-
ted versus magnetic field B . (H) Amplitude I2 of the second harmonic plotted versus magnetic field B . (I) Phase θ2 of the second harmonic plotted versus magnetic field B.
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Fig. 3. Josephson diode in TI-based JJs. (A) I -V  curves of JJ1 measured at specified magnetic fields B . (B) Positive ( I+
c

 ) and negative ( I−
c

 ) critical currents for JJ1 as a function 
of B . Vertical dotted lines correspond to B = ± 0.7 mT. (C) Superconducting diode efficiency, Q , as a function of B . (D) Rectified voltage across JJ1 (right axis) measured by 
its excitation with the square-wave current (left axis) with the amplitude 0.2 μA for B = 0.7 mT (red curve) and B = −0.7 mT (blue curve). T = 8 mK.

Fig. 4. Theoretical modeling of the CPR. (A to C) Calculated positive I+
c

 and negative I−
c

 critical currents of the JJ as a function of magnetic field B (top) and calculated 
supercurrent Is as a function of phase difference φ1 and magnetic field B (bottom). (A) Case of sinusoidal CPR and uniform SD. (B) Case of sinusoidal CPR and nonuniform 
SD. Black line in the top is the same as red and blue curves in (A). (C) Case of nonsinusoidal CPR and nonuniform SD. Black line in the top is the same as red and blue curves 
in (B). (D) Calculated Is

(

φ1

)

 for different magnetic fields B around Fraunhofer minima for the case shown in (C). The case of nonsinusoidal j
s

(

φ1

)

 combined with a uniform 
current distribution is shown in the Supplementary Materials. 
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method that calculates the Fourier transform of the measured Ic(B) 
dependencies (22). The results are shown by the red line in the inset 
of Fig. 5 that reveals (i) increased Jc at the end of the JJ and (ii) the 
linear slope of Jc

(

y
)

 across the whole junction.
To take into account the nonuniform SD, for simplicity, we 

approximate the extracted Jc
(

y
)

 with a model dependence (black 
curve in Fig. 5) and use it in Eq. 2. The resulting Ic(B) and Is

(

B,φ1

)

 
dependencies are shown in  Fig.  4B. Compared with the previous 
case, nonuniform SD leads to the shift of the Fraunhofer minima, 
prevents the critical current from dropping to zero, and causes the 
global CPR to experience a gradual phase shift from 0 to π state. 
However, accounting for nonuniform SD alone cannot explain the 
complex Is

(

B,φ1

)

 pattern observed in  Fig.  2D. In particular, this 
model fails to account for the prominent second harmonic compo-
nent present in the experimental global CPR (Fig. 2E), suggesting 
an intrinsic nonsinusoidal j

s

(

φ1

)

 relation that we incorporate in 
our subsequent analysis.

Although the exact j
s

(

φ1

)

 relation for our JJ cannot be mea-
sured directly, since our SQUID is not in the asymmetric regime 
at zero B , we assume js(φ) = I1sin(φ) + I2sin(2φ) , where I1 and I2 
are the amplitudes of the first and second harmonics, respectively. 
To illustrate how it affects the evolution of the global CPR, 
in Fig. 4 (C and D), we show the global CPR and Ic(B) results for 
js(φ) = 1.3sin(φ) − 0.3sin(2φ) . The resulting model accurately re-
produces all experimentally observed features, namely, (i) nonre-
ciprocal CPR (marked in  Fig.  4D), (ii) JDE (Fig.  4C, top), (iii) 
gradual (nonsharp) 0-π transition, and (iv) peak-dip CPR struc-
ture close to the single flux quantum (yellow shaded area). The 
excellent agreement between our model and the experimental 
data confirms that the observed effects arise from the interplay 
between spatial distribution of the supercurrent, combined with 
nonsinusoidal j

s

(

φ1

)

 dependence.

DISCUSSION
Our theoretical analysis demonstrates that the observed anomalous 
CPR in our devices, its nonreciprocity, and JJ diode effect can be 
explained by the interplay of nonuniform current distribution and 
higher-harmonic contributions. A key prerequisite for the explana-
tion is a distinct shape of Jc

(

y
)

 shown in the inset of Fig. 5. The shape 
is characterized by (i) its linear gradient and (ii) increased Jc at the 
ends of the JJ. Although the exact origin of the observed Jc

(

y
)

 distri-
bution remains unknown, we attribute these features to the follow-
ing mechanisms. First, the slope can stem from a nonuniform gap 
between two superconducting NbSe2 parts. Taking into account a 
steep dependence of the critical current on the distance between the 
superconductors, even a small asymmetry in the junction geometry 
can lead to the gradient in Jc

(

y
)

 . Another possible mechanism 
involves Abrikosov vortices penetrating into the superconducting 
leads and creating nonuniform stray fields. However, trapped 
Abrikosov vortices would break time-reversal symmetry, violating 
the condition Ic(B) = −Ic(−B) that is satisfied in our experiments 
excluding this interpretation. Second, the increased Jc at the ends of 
the junction is likely related to current crowding. In our devices, the 
width of the superconducting NbSe2 leads exceeds the width of the 
Bi2Se3 flake, which can lead to the supercurrent streaming effect, 
thereby squeezing its density toward the edges (16, 67). An alterna-
tive explanation involves long superconducting leads, which result 
in a nonlinear φ

(

y
)

 dependence (66). In this case, the Fourier analy-
sis of the interference pattern can produce spurious effects that 
mimic an apparent enhancement of supercurrent flow near the edges. 
Both scenarios capture the main experimental features of our data: 
a nonreciprocal CPR, an anomalous peak-dip structure, and the 
superconducting diode effect.

Next, the nonsinusoidal j
s

(

φ1

)

 dependence can, in principle, re-
sult from both SOC and high-transparency junction. For instance, 
the superposition of currents from spin-dependent Andreev bound 
states—arising due to SOC (68)—can generate higher harmonics in 
the j

s

(

φ1

)

 dependence (47). Similarly, high-transparency interfaces 
between the superconductor and the weak link material can also 
lead to nonsinusoidal behavior (69). Previous studies have shown 
that SOC has little effect on the CPR in Bi2Se3 JJ in the absence of an 
applied in-plane magnetic field (50), which is the case in our ex-
periment. In contrast, our analysis—based on the Galaktionov-
Zaikin formalism (70) (Supplementary Materials)—indicates that 
the interfaces in our device have high transparency. Therefore, the 
prominent second harmonic observed in the local CPR is likely re-
lated to the high transparency of the NbSe2/Bi2Se3 interface, which 
we ascribe to its atomically smooth nature achieved through our 
fabrication process.

It is also instructive to place the observed JDE in a broader context 
of nonreciprocity in superconducting systems [see (37) for recent 
review]. Originally predicted to emerge in superconducting materials 
with intrinsically broken inversion and time-reversal symmetries, su-
perconducting diodes can also be engineered artificially [e.g., (16, 38–
41)]. Among numerous approaches, recently proposed SQUID-based 
diodes particularly stand out in terms of ease of fabrication, large diode 
efficiency, and remarkable tunability (71, 72). The SD in our JJ1, name-
ly, its increase at the edges, effectively mimics that of a typical SQUID 
loop. Together with nonsinusoidal CPR and asymmetry between the 
edges, this gives rise to the JDE of a conceptually similar nature as in 
the proposed asymmetric higher-harmonic SQUIDs (71, 72).

Fig. 5. Reconstruction of the SD. Critical current Ic of JJ1 as a function of magnetic 
field B . The inset shows the SD, which was reconstructed from Ic(B) , by the red line, 
and the SD, which was used for modeling, by the black line.
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Finally, we compare our system with the model assumed by Potter 
and Fu in their original prediction of the peculiar CPR structure 
near the flux quantum due to MBS hybridization (32). The theory 
considered a JJ based on a TI thin film in the short ( L < ξn ) and 
narrow ( W < λJ ) limit, where both top and bottom surfaces are 
proximitized by a superconductor, where ξn is the superconducting 
coherence length in Bi2Se3. Our junction satisfies these constraints, 
as detailed in the Supplementary Materials. Furthermore, the thin 
Bi2Se3 flake ( ≈5 nm) minimizes contributions from the side sur-
faces, while its high n-doping enables superconductivity to propa-
gate from the top to the bottom surface through bulk states (58). 
Thus, our experimental system closely matches the conditions re-
quired by the theoretical proposal. The observed peak-dip structure 
(Fig. 2E) in some sense resembles the anomalous CPR due to MBS 
hybridizing at the edge of the junction predicted in (32) and can be 
naively attributed to their presence. Moreover, the supercurrent in 
this regime is expected to be close to the maximal Josephson current 
carried by a single quantum channel Δ∕Φ0 ≈ 75 nA for the super-
conducting gap of Δ ∼ 1 meV that is fortuitously close to our ex-
perimental value at the Fraunhofer minimum—60 nA (see Fig. 2E, 
black curve). However, despite apparent similarity of the anomalous 
peak-dip CPR in the Potter-Fu model to the experimental data, 
there are two key differences that rule out this interpretation. First, 
the theoretical peak-dip structure is predicted to emerge around 
φ1 = π but not at π∕2 as in the case of our experiment. Second, the 
width of the experimental peak-dip structure is notably larger com-
pared to the theoretical prediction (32). Should the MBSs be present 
in the Bi2Se3-based JJs, the resolution of our technique would be 
sufficient to reveal their signatures.

To conclude, we have demonstrated a platform for precise CPR 
measurements in lateral JJs composed of NbSe2 and few-layer 
Bi2Se3, enabling the reconstruction of the CPR as a function of mag-
netic flux. Our findings reveal unconventional CPR characteristics 
and a robust, tunable JDE in the vicinity of the flux quantum, stem-
ming from nonuniform SD and nonsinusoidal local CPR. Notably, 
we find no evidence of MBSs near a single flux quantum, challeng-
ing previous claims in Bi2Se3-based JJs. These results establish CPR 
measurements as a powerful tool for probing nonreciprocal trans-
port phenomena in superconducting systems and provide design 
principles for superconducting quantum devices. It would be natu-
ral to extend our approach of CPR measurements in planar vdW JJs 
using cracked, atomically flat superconductors to investigate other 
topologically nontrivial materials such as Sn-doped Bi1.1Sb0.9Te2S 
(73), WTe2 (74, 75), or MnBi2Te4 (76) that are unstable under stan-
dard nanofabrication processing.

MATERIALS AND METHODS
Sample fabrication
Device fabrication was performed using a dry transfer technique in 
an argon-filled glovebox with controlled H2O and O2 levels (<0.5 
parts per million). The fabrication process began with oxygen plas-
ma cleaning of Si/SiO2 substrates to optimize the subsequent exfolia-
tion of thin Bi2Se3 flakes. hBN, NbSe2, and Bi2Se3 were mechanically 
exfoliated onto the prepared Si/SiO2 substrates using adhesive tape. 
The heterostructure assembly proceeded by first picking up an 
hBN flake using a PDMS/PC (polydimethylsiloxane/polycarbonate) 
stamp, which was then used to pick up a cracked NbSe2 flake, followed 
by transferring the assembled stack onto the exfoliated Bi2Se3 flake.

Electrical contacts were fabricated using standard electron beam 
lithography, followed by CHF3/O2 reactive ion etching (RIE) of 
the hBN layer and electron beam evaporation of Ti/Au contacts 
(5 nm/65 nm). A magnetic flux line was subsequently created by 
depositing Ti (3 nm) followed by Al (97 nm). The SQUID loop 
geometry was then defined using CHF3/O2 RIE. After performing 
initial transport measurements on the complete SQUID, the device 
was divided into two separate JJs using CHF3/O2 RIE, enabling indi-
vidual junction characterization after cooling. See the Supplemen-
tary Materials for details.

Scanning transmission electron microscopy
A cross-sectional specimen of the nanodevice was prepared using 
a focused ion beam (FEI Versa 3D Dual Beam) after depositing a 
30-nm-thick platinum layer on the surface as a protective coating. 
Cross-sectional STEM imaging was then performed ex situ using 
a JEOL ARM200F microscope equipped with an ASCOR aberra-
tion corrector, operating at 200 kV. Elemental mapping was con-
ducted with an Oxford X-Max 100TLE EDS detector integrated 
with the microscope.

Low-noise measurements
Electrical measurements were performed in a BlueFors dilution 
refrigerator at a base temperature of 8 mK, equipped with a 12-T 
superconducting solenoid. The solenoid was controlled using a 
Yokogawa GS610 source-measure unit. The devices were mounted on 
a QDevil QBoard sample holder using the BlueFors fast sample ex-
change system. The measurement setup incorporated two distinct wir-
ing configurations to optimize different measurement requirements.

For precise I-V  measurements, we used a low-current measure-
ment line featuring a cryogenic filtering system consisting of a 
Basel Precision Instruments MFT25-100 Ohm microwave filter 
and thermalizer at the mixing chamber plate, complemented by a 
QDevil QFilter at the still plate. The setup was designed to effec-
tively eliminate 50-Hz interference, allowing for fast and high-
precision measurements. The devices were biased with a sinusoidal 
current (frequency: few hertz) generated by a QDevil qDAC-II and 
converted through a CS580 voltage-to-current converter. Both the 
sample voltage drop and applied voltage were amplified using a 
battery-powered SR560 amplifier and digitized synchronously with 
an NI-3232 system. Critical current determination was performed 
using custom LabView-based software (MeXpert) implementing a 
threshold method, with CS580 current offset compensation (see 
the Supplementary Materials for details).

For high-current applications, specifically the magnetic flux line 
control requiring currents up to several milliamperes, we imple-
mented a separate configuration optimized to minimize heating ef-
fects. This setup utilized only a superconducting MFT25-25 mOhm 
filter at the mixing chamber, bypassing the QFilter. The circuit used 
aluminum superconducting bonds (additionally, QBoard resistors 
were removed), with current supplied by a QDevil qDAC-II through 
a 1-kilohm resistor.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S11
References

D
ow

nloaded from
 https://w

w
w

.science.org at N
ational Institute for M

aterials Science on June 17, 2025



Kudriashov et al., Sci. Adv. 11, eadw6925 (2025)     13 June 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 9

REFERENCES AND NOTES
	 1.	 M. H. Devoret, R. J. Schoelkopf, Superconducting circuits for quantum information: An 

outlook. Science 339, 1169–1174 (2013).
	 2.	H . B. Wang, S. Guénon, B. Gross, J. Yuan, Z. G. Jiang, Y. Y. Zhong, M. Grünzweig, A. Iishi,  

P. H. Wu, T. Hatano, D. Koelle, R. Kleiner, Coherent terahertz emission of intrinsic 
Josephson junction stacks in the hot spot regime. Phys. Rev. Lett. 105, 057002 (2010).

	 3.	D . S. Holmes, A. L. Ripple, M. A. Manheimer, Energy-efficient superconducting computing–
power budgets and requirements. IEEE Trans. Appl. Supercond. 23, 1701610 (2013).

	 4.	 G.-H. Lee, D. K. Efetov, W. Jung, L. Ranzani, E. D. Walsh, T. A. Ohki, T. Taniguchi,  
K. Watanabe, P. Kim, D. Englund, K. C. Fong, Graphene-based Josephson junction 
microwave bolometer. Nature 586, 42–46 (2020).

	 5.	 A. Y. Kitaev, Unpaired Majorana fermions in quantum wires. Phys. Uspekhi 44, 131–136 
(2001).

	 6.	 R. M. Lutchyn, J. D. Sau, S. Das Sarma, Majorana fermions and a topological phase 
transition in semiconductor-superconductor heterostructures. Phys. Rev. Lett. 105, 
077001 (2010).

	 7.	 P. A. Ioselevich, P. M. Ostrovsky, M. V. Feigel’man, Majorana state on the surface of a 
disordered three-dimensional topological insulator. Phys. Rev. B 86, 035441 (2012).

	 8.	 J. Alicea, New directions in the pursuit of Majorana fermions in solid state systems. Rep. 
Prog. Phys. 75, 076501 (2012).

	 9.	C . W. J. Beenakker, Search for majorana fermions in superconductors. Annu. Rev. Condens. 
Matter Phys. 4, 113–136 (2013).

	 10.	 S. Kezilebieke, M. N. Huda, V. Vaňo, M. Aapro, S. C. Ganguli, O. J. Silveira, S. Głodzik,  
A. S. Foster, T. Ojanen, P. Liljeroth, Topological superconductivity in a van der Waals 
heterostructure. Nature 588, 424–428 (2020).

	 11.	 P. San-Jose, J. L. Lado, R. Aguado, F. Guinea, J. Fernández-Rossier, Majorana zero modes in 
graphene. Phys. Rev. X 5, 041042 (2015).

	 12.	 M. Alidoust, Critical supercurrent and φ0 state for probing a persistent spin helix. Phys. 
Rev. B 101, 155123 (2020).

	 13.	 A. Diez-Carlon, J. Diez-Merida, P. Rout, D. Sedov, P. Virtanen, S. Banerjee, R. P. S. Penttila,  
P. Altpeter, K. Watanabe, T. Taniguchi, S.-Y. Yang, K. T. Law, T. T. Heikkila, P. Torma, M. S. Scheurer, 
D. K. Efetov, Probing the flat-band limit of the superconducting proximity effect in twisted 
bilayer graphene Josephson junctions. arXiv:2502.04785 [cond-mat.supr-con] (2025).

	 14.	 Q. Li, Y. N. Tsay, M. Suenaga, R. A. Klemm, G. D. Gu, N. Koshizuka, Bi2Sr2CaCuO8+δ bicrystal 
c-axis twist Josephson junctions: A new phase-sensitive test of order parameter 
symmetry. Phys. Rev. Lett. 83, 4160–4163 (1999).

	 15.	D . Roditchev, C. Brun, L. Serrier-Garcia, J. C. Cuevas, V. H. L. Bessa, M. V. Milošević,  
F. Debontridder, V. Stolyarov, T. Cren, Direct observation of Josephson vortex cores. Nat. 
Phys. 11, 332–337 (2015).

	 16.	 S. Chen, S. Park, U. Vool, N. Maksimovic, D. A. Broadway, M. Flaks, T. X. Zhou, P. Maletinsky, 
A. Stern, B. I. Halperin, A. Yacoby, Current induced hidden states in Josephson junctions. 
Nat. Commun. 15, 8059 (2024).

	 17.	 A. Gutfreund, H. Matsuki, V. Plastovets, A. Noah, L. Gorzawski, N. Fridman, G. Yang,  
A. Buzdin, O. Millo, J. W. A. Robinson, Y. Anahory, Direct observation of a superconducting 
vortex diode. Nat. Commun. 14, 1630 (2023).

	 18.	 J. Williams, A. J. Bestwick, P. Gallagher, S. S. Hong, Y. Cui, A. S. Bleich, J. G. Analytis,  
I. R. Fisher, D. Goldhaber-Gordon, Unconventional Josephson effect in hybrid 
superconductor-topological insulator devices. Phys. Rev. Lett. 109, 056803 (2012).

	 19.	 M. Veldhorst, M. Snelder, M. Hoek, T. Gang, V. K. Guduru, X. L. Wang, U. Zeitler,  
W. G. van der Wiel, A. A. Golubov, H. Hilgenkamp, A. Brinkman, Josephson supercurrent 
through a topological insulator surface state. Nat. Mater. 11, 417–421 (2012).

	 20.	 S. Ghatak, O. Breunig, F. Yang, Z. Wang, A. A. Taskin, Y. Ando, Anomalous Fraunhofer 
patterns in gated Josephson junctions based on the bulk-insulating topological insulator 
BiSbTeSe2. Nano Lett. 18, 5124–5131 (2018).

	 21.	 P. A. Ioselevich, M. V. Feigel’man, Anomalous Josephson current via majorana bound 
states in topological insulators. Phys. Rev. Lett. 106, 077003 (2011).

	 22.	 R. C. Dynes, T. A. Fulton, Supercurrent density distribution in Josephson junctions. Phys. 
Rev. B 3, 3015–3023 (1971).

	 23.	C . Owen, D. Scalapino, Vortex structure and critical currents in Josephson junctions. Phys. 
Rev. 164, 538–544 (1967).

	 24.	 B. Antonio, P. Gianfranco, Physics and Applications of the Josephson Effect (John Wiley & Sons 
Inc., 2006).

	 25.	 R. A. Hovhannisyan, T. Golod, V. M. Krasnov, Controllable manipulation of semifluxon 
states in phase-shifted Josephson junctions. Phys. Rev. Lett. 132, 227001 (2024).

	 26.	T . Golod, V. M. Krasnov, Demonstration of a superconducting diode-with-memory, 
operational at zero magnetic field with switchable nonreciprocity. Nat. Commun. 13, 
3658 (2022).

	 27.	T . Golod, A. Pagliero, V. M. Krasnov, Two mechanisms of Josephson phase shift generation 
by an Abrikosov vortex. Phys. Rev. B 100, 174511 (2019).

	 28.	 M. Foltyn, K. Norowski, A. Savin, M. Zgirski, Quantum thermodynamics with a single 
superconducting vortex. Sci. Adv. 10, eado4032 (2024).

	 29.	 A. Rashidi, W. Huynh, B. Guo, S. Ahadi, S. Stemmer, Vortex-induced anomalies in the 
superconducting quantum interference patterns of topological insulator Josephson 
junctions. NPJ Quantum Mater. 9, 70 (2024).

	 30.	 R. A. Hovhannisyan, T. Golod, V. M. Krasnov, Superresolution magnetic imaging by a 
Josephson junction via holographic reconstruction of Ic(H) modulation. Phys. Rev. Appl. 
20, 064012 (2023).

	 31.	L . Fu, C. L. Kane, Superconducting proximity effect and majorana fermions at the surface 
of a topological insulator. Phys. Rev. Lett. 100, 096407 (2008).

	 32.	 A. C. Potter, L. Fu, Anomalous supercurrent from Majorana states in topological insulator 
Josephson junctions. Phys. Rev. B 88, 121109 (2013).

	 33.	 S. S. Hegde, G. Yue, Y. Wang, E. Huemiller, D. J. Van Harlingen, S. Vishveshwara, A 
topological Josephson junction platform for creating, manipulating, and braiding 
Majorana bound states. Ann. Phys. Rehabil. Med. 423, 168326 (2020).

	 34.	 K. Laubscher, J. D. Sau, Detection of Majorana zero modes bound to Josephson vortices 
in planar S-TI-S junctions. arXiv:2411.00756 [cond-mat.mes-hall] (2024).

	 35.	 J. D. Sau, R. M. Lutchyn, S. Tewari, S. Das Sarma, Generic new platform for topological 
quantum computation using semiconductor heterostructures. Phys. Rev. Lett. 104, 
040502 (2010).

	 36.	C . Nayak, S. H. Simon, A. Stern, M. Freedman, S. Das Sarma, Non-Abelian anyons and 
topological quantum computation. Rev. Mod. Phys. 80, 1083–1159 (2008).

	 37.	 M. Nadeem, M. S. Fuhrer, X. Wang, The superconducting diode effect. Nat. Rev. Phys. 5, 
558–577 (2023).

	 38.	H . Wu, Y. Wang, Y. Xu, P. K. Sivakumar, C. Pasco, U. Filippozzi, S. S. P. Parkin, Y.-J. Zeng,  
T. McQueen, M. N. Ali, The field-free Josephson diode in a van der Waals heterostructure. 
Nature 604, 653–656 (2022).

	 39.	 Y.-Y. Lyu, J. Jiang, Y.-L. Wang, Z.-L. Xiao, S. Dong, Q.-H. Chen, M. V. Milošević, H. Wang,  
R. Divan, J. E. Pearson, P. Wu, F. M. Peeters, W.-K. Kwok, Superconducting diode effect via 
conformal-mapped nanoholes. Nat. Commun. 12, 2703 (2021).

	 40.	 F. Ando, Y. Miyasaka, T. Li, J. Ishizuka, T. Arakawa, Y. Shiota, T. Moriyama, Y. Yanase, T. Ono, 
Observation of superconducting diode effect. Nature 584, 373–376 (2020).

	 41.	 S. Reinhardt, T. Ascherl, A. Costa, J. Berger, S. Gronin, G. C. Gardner, T. Lindemann,  
M. J. Manfra, J. Fabian, D. Kochan, C. Strunk, N. Paradiso, Link between supercurrent diode 
and anomalous Josephson effect revealed by gate-controlled interferometry. Nat. 
Commun. 15, 4413 (2024).

	 42.	C .-Z. Chen, J. J. He, M. N. Ali, G. H. Lee, K. C. Fong, K. T. Law, Asymmetric Josephson effect 
in inversion symmetry breaking topological materials. Phys. Rev. B 98, 075430 (2018).

	 43.	 J. Cayao, N. Nagaosa, Y. Tanaka, Enhancing the Josephson diode effect with Majorana 
bound states. Phys. Rev. B 109, L081405 (2024).

	 44.	 Z. Liu, L. Huang, J. Wang, Josephson diode effect in topological superconductors. Phys. 
Rev. B 110, 014519 (2024).

	 45.	 Y. Xia, D. Qian, D. Hsieh, L. Wray, A. Pal, H. Lin, A. Bansil, D. Grauer, Y. S. Hor, R. J. Cava,  
M. Z. Hasan, Observation of a large-gap topological-insulator class with a single Dirac 
cone on the surface. Nat. Phys. 5, 398–402 (2009).

	 46.	 X.-L. Qi, S.-C. Zhang, Topological insulators and superconductors. Rev. Mod. Phys. 83, 
1057–1110 (2011).

	 47.	I . Sochnikov, L. Maier, C. A. Watson, J. R. Kirtley, C. Gould, G. Tkachov, E. M. Hankiewicz,  
C. Brüne, H. Buhmann, L. W. Molenkamp, K. A. Moler, Nonsinusoidal current-phase 
relationship in Josephson junctions from the 3D topological insulator HgTe. Phys. Rev. 
Lett. 114, 066801 (2015).

	 48.	I . Sochnikov, A. J. Bestwick, J. R. Williams, T. M. Lippman, I. R. Fisher, D. Goldhaber-Gordon, 
J. R. Kirtley, K. A. Moler, Direct measurement of current-phase relations in 
superconductor/topological insulator/superconductor junctions. Nano Lett. 13, 
3086–3092 (2013).

	 49.	 M. Kayyalha, M. Kargarian, A. Kazakov, I. Miotkowski, V. M. Galitski, V. M. Yakovenko,  
L. P. Rokhinson, Y. P. Chen, Anomalous low-temperature enhancement of supercurrent in 
topological-insulator nanoribbon Josephson junctions: Evidence for low-energy Andreev 
bound states. Phys. Rev. Lett. 122, 047003 (2019).

	 50.	 A. Assouline, C. Feuillet-Palma, N. Bergeal, T. Zhang, A. Mottaghizadeh, A. Zimmers,  
E. Lhuillier, M. Eddrie, P. Atkinson, M. Aprili, H. Aubin, Spin-orbit induced phase-shift in 
Bi2Se3 Josephson junctions. Nat. Commun. 10, 126 (2019).

	 51.	I . Babich, A. Kudriashov, D. Baranov, V. S. Stolyarov, Limitations of the current–phase 
relation measurements by an asymmetric DC-SQUID. Nano Lett. 23, 6713–6719 
(2023).

	 52.	 M. Endres, A. Kononov, H. S. Arachchige, J. Yan, D. Mandrus, K. Watanabe, T. Taniguchi,  
C. Schönenberger, Current–phase relation of a WTe2 Josephson junction. Nano Lett. 23, 
4654–4659 (2023).

	 53.	 K. Mazumder, P. M. Shirage, A brief review of Bi2Se3 based topological insulator: From 
fundamentals to applications. J. Alloys Compd. 888, 161492 (2021).

	 54.	 Y. Cao, A. Mishchenko, G. L. Yu, E. Khestanova, A. P. Rooney, E. Prestat, A. V. Kretinin,  
P. Blake, M. B. Shalom, C. Woods, J. Chapman, G. Balakrishnan, I. V. Grigorieva,  
K. S. Novoselov, B. A. Piot, M. Potemski, K. Watanabe, T. Taniguchi, S. J. Haigh, A. K. Geim,  

D
ow

nloaded from
 https://w

w
w

.science.org at N
ational Institute for M

aterials Science on June 17, 2025



Kudriashov et al., Sci. Adv. 11, eadw6925 (2025)     13 June 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

9 of 9

R. V. Gorbachev, Quality heterostructures from two-dimensional crystals unstable in air 
by their assembly in inert atmosphere. Nano Lett. 15, 4914–4921 (2015).

	 55.	 A. Zalic, T. Taniguchi, K. Watanabe, S. Gazit, H. Steinberg, High magnetic field stability in a 
planar graphene-NbSe2 SQUID. Nano Lett. 23, 6102–6108 (2023).

	 56.	T . Dvir, A. Zalic, E. H. Fyhn, M. Amundsen, T. Taniguchi, K. Watanabe, J. Linder, H. Steinberg, 
Planar graphene-NbSe2 Josephson junctions in a parallel magnetic field. Phys. Rev. B 103, 
115401 (2021).

	 57.	 A. Kudriashov, I. Babich, R. A. Hovhannisyan, A. G. Shishkin, S. N. Kozlov, A. Fedorov,  
D. V. Vyalikh, E. Khestanova, M. Y. Kupriyanov, V. S. Stolyarov, Revealing intrinsic 
superconductivity of the Nb/BiSbTe2Se interface. Adv. Funct. Mater. 32, 2209853 (2022).

	 58.	 M.-X. Wang, C. Liu, J.-P. Xu, F. Yang, L. Miao, M.-Y. Yao, C. L. Gao, C. Shen, X. Ma, X. Chen, 
Z.-A. Xu, Y. Liu, S.-C. Zhang, D. Qian, J.-F. Jia, Q.-K. Xue, The coexistence of 
superconductivity and topological order in the Bi2Se3 thin films. Science 336, 52–55 
(2012).

	 59.	N . Yabuki, R. Moriya, M. Arai, Y. Sata, S. Morikawa, S. Masubuchi, T. Machida, Supercurrent 
in van der Waals Josephson junction. Nat. Commun. 7, 10616 (2016).

	 60.	 S. Son, Y. J. Shin, K. Zhang, J. Shin, S. Lee, H. Idzuchi, M. J. Coak, H. Kim, J. Kim, J. H. Kim,  
M. Kim, D. Kim, P. Kim, J.-G. Park, Strongly adhesive dry transfer technique for van der 
Waals heterostructure. 2D Mater. 7, 041005 (2020).

	 61.	H . Courtois, M. Meschke, J. Peltonen, J. P. Pekola, Origin of hysteresis in a proximity 
Josephson junction. Phys. Rev. Lett. 101, 067002 (2008).

	 62.	V . M. Krasnov, T. Golod, T. Bauch, P. Delsing, Anticorrelation between temperature and 
fluctuations of the switching current in moderately damped Josephson junctions. Phys. 
Rev. B Condens. Matter Mater. Phys. 76, 224517 (2007).

	 63.	H . Miyazaki, A. Kanda, Y. Ootuka, Current-phase relation of a superconducting quantum 
point contact. Phys. C Superconduct. Appl. 437-438, 217–219 (2006).

	 64.	 M. L. Della Rocca, M. Chauvin, B. Huard, H. Pothier, D. Esteve, C. Urbina, Measurement of 
the current-phase relation of superconducting atomic contacts. Phys. Rev. Lett. 99, 
127005 (2007).

	 65.	E . Goldobin, D. Koelle, R. Kleiner, A. I. Buzdin, Josephson junctions with second harmonic 
in the current-phase relation: Properties of φ junctions. Phys. Rev. B 76, 224523 (2007).

	 66.	 J. R. Clem, Josephson junctions in thin and narrow rectangular superconducting strips. 
Phys. Rev. B 81, 144515 (2010).

	 67.	H . L. Hortensius, E. F. C. Driessen, T. M. Klapwijk, K. K. Berggren, J. R. Clem, Critical-current 
reduction in thin superconducting wires due to current crowding. Appl. Phys. Lett. 100, 
182602 (2012).

	 68.	L . Tosi, C. Metzger, M. F. Goffman, C. Urbina, H. Pothier, S. Park, A. L. Yeyati, J. Nygård,  
P. Krogstrup, Spin-orbit splitting of Andreev states revealed by microwave spectroscopy. 
Phys. Rev. X 9, 011010 (2019).

	 69.	 A. A. Golubov, M. Y. Kupriyanov, E. Il’Ichev, The current-phase relation in Josephson 
junctions. Rev. Mod. Phys. 76, 411–469 (2004).

	 70.	 A. V. Galaktionov, A. D. Zaikin, Quantum interference and supercurrent in multiple-barrier 
proximity structures. Phys. Rev. B 65, 184507 (2002).

	 71.	 R. S. Souto, M. Leijnse, C. Schrade, Josephson diode effect in supercurrent 
interferometers. Phys. Rev. Lett. 129, 267702 (2022).

	 72.	 Y. V. Fominov, D. Mikhailov, Asymmetric higher-harmonic SQUID as a Josephson diode. 
Phys. Rev. B 106, 134514 (2022).

	 73.	 S. K. Kushwaha, I. Pletikosić, T. Liang, A. Gyenis, S. H. Lapidus, Y. Tian, H. Zhao, K. S. Burch,  
J. Lin, W. Wang, H. Ji, A. V. Fedorov, A. Yazdani, N. P. Ong, T. Valla, R. J. Cava, Sn-doped 

Bi1.1Sb0.9Te2S bulk crystal topological insulator with excellent properties. Nat. Commun. 7, 
11456 (2016).

	 74.	 S. Wu, V. Fatemi, Q. D. Gibson, K. Watanabe, T. Taniguchi, R. J. Cava, P. Jarillo-Herrero, 
Observation of the quantum spin Hall effect up to 100 kelvin in a monolayer crystal. 
Science 359, 76–79 (2018).

	 75.	 Y.-B. Choi, Y. Xie, C. Z. Chen, J. Park, S. B. Song, J. Yoon, B. J. Kim, T. Taniguchi, K. Watanabe, 
J. Kim, K. C. Fong, M. N. Ali, K. T. Law, G. H. Lee, Evidence of higher-order topology in 
multilayer WTe2 from Josephson coupling through anisotropic hinge states. Nat. Mater. 
19, 974–979 (2020).

	 76.	 Y. Deng, Y. Yu, M. Z. Shi, Z. Guo, Z. Xu, J. Wang, X. H. Chen, Y. Zhang, Quantum anomalous 
Hall effect in intrinsic magnetic topological insulator MnBi2Te4. Science 367, 895–900 
(2020).

	 77.	 G. Stan, S. B. Field, J. M. Martinis, Critical field for complete vortex expulsion from narrow 
superconducting strips. Phys. Rev. Lett. 92, 097003 (2004).

	 78.	V . S. Kamboj, A. Singh, T. Ferrus, H. E. Beere, L. B. Duffy, T. Hesjedal, C. H. W. Barnes,  
D. A. Ritchie, Probing the topological surface state in Bi2Se3 thin films using temperature-
dependent terahertz spectroscopy. ACS Photonics 4, 2711–2718 (2017).

Acknowledgments: We thank K. Laubscher, M. Feigelman, and Y. Fominov for valuable 
discussions. Funding: The work is supported by MOE Tier 2 grant award T2EP50123-0020 
(sample fabrication) awarded to D.A.B. We acknowledge the Electron Microscopy Facility (EMF) 
at the National University of Singapore for providing access to the FIB and STEM equipment. 
K.S.N. is grateful to the Ministry of Education, Singapore (Research Centre of Excellence award 
to the Institute for Functional Intelligent Materials, I-FIM, project no. EDUNC-33-18-279-V12) 
and to the Royal Society (UK, grant number RSRP R 190000) for support. E.V.Z. and L.E. were 
supported by internal funding programme from the Center for Neurophysics and 
Neuromorphic Technologies. L.V.Y. acknowledges the support of RSF grant no. 23-72- 00020. 
Z.L. acknowledges the support from the National Research Foundation, Singapore, under its 
Competitive Research Programme (CRP) (NRF-CRP22-2019-0007 and NRF-CRP22-2019-0004) 
and also the support by the Ministry of Education, Singapore, under its Research Centre of 
Excellence award to the Institute for Functional Intelligent Materials (project no. EDUNC-33-18-
279-V12). Author contributions: A.K. and D.A.B. designed the project. Xiangyu Zhou, A.K., and 
L.E. fabricated the devices. A.K. performed the transport measurements. R.A.H. and A.K. 
performed the theoretical analysis. T.T. and K.W. provided the hBN crystals. L.V.Y. and A.S.F. 
provided the Bi2Se3 crystals. Xin Zhou performed STEM measurements. A.K. and D.A.B. wrote 
the manuscript with inputs from R.A.H. All authors contributed to the discussions. D.A.B. 
supervised the project. Competing interests: The authors declare that they have no 
competing interests. Data and materials availability: All data needed to evaluate the 
conclusions in the paper are present in the paper and/or the Supplementary Materials. The 
data shown in Figs. 1 to 5 are available on Zenodo (https://doi.org/10.5281/zenodo.15149021). 
The hBN single crystals can be provided by the National Institute for Materials Science (NIMS), 
Japan, pending scientific review and a completed material transfer agreement. Requests for 
the hBN crystals should be submitted to: TANIGUCHI.​Takashi@​nims.​go.​jp and bncrystals.​
office@​ml.​nims.​go.​jp.

Submitted 12 February 2025 
Accepted 12 May 2025 
Published 13 June 2025 
10.1126/sciadv.adw6925

D
ow

nloaded from
 https://w

w
w

.science.org at N
ational Institute for M

aterials Science on June 17, 2025

https://doi.org/10.5281/zenodo.15149021
mailto:TANIGUCHI.​Takashi@​nims.​go.​jp
mailto:bncrystals.​office@​ml.​nims.​go.​jp
mailto:bncrystals.​office@​ml.​nims.​go.​jp

	Non-Majorana origin of anomalous current-phase relation and Josephson diode effect in Bi2Se3/NbSe2 Josephson junctions
	INTRODUCTION
	RESULTS
	Planar vdW JJs
	CPR measurements
	Nonreciprocal CPR and Josephson diode
	Theoretical modeling

	DISCUSSION
	MATERIALS AND METHODS
	Sample fabrication
	Scanning transmission electron microscopy
	Low-noise measurements

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


