
Article https://doi.org/10.1038/s41467-023-41815-4

Broad and colossal edge supercurrent in
Dirac semimetal Cd3As2 Josephson junctions

Chun-Guang Chu 1, Jing-Jing Chen 2,3, An-Qi Wang 1 ,
Zhen-Bing Tan 2,3 , Cai-Zhen Li2,3, Chuan Li 4, Alexander Brinkman4,
Peng-Zhan Xiang1, Na Li1, Zhen-Cun Pan1, Hai-Zhou Lu2, Dapeng Yu 2,3,5 &
Zhi-Min Liao 1,5

Edge supercurrent has attracted great interest recently due to its crucial role in
achieving and manipulating topological superconducting states. Proximity-
induced superconductivity has been realized in quantum Hall and quantum
spin Hall edge states, as well as in higher-order topological hinge states. Non-
Hermitian skin effect, the aggregation of non-Bloch eigenstates at open
boundaries, promises an abnormal edge channel. Here we report the obser-
vation of broad edge supercurrent inDirac semimetal Cd3As2-based Josephson
junctions. The as-grown Cd3As2 nanoplates are electron-doped by intrinsic
defects, which enhance the non-Hermitian perturbations. The super-
conducting quantum interference indicates edge supercurrent with a width of
~1.6 μm and a magnitude of ~1 μA at 10mK. The wide and large edge super-
current is inaccessible for a conventional edge system and suggests the pre-
sence of non-Hermitian skin effect. A supercurrent nonlocality is also
observed. The interplay between band topology and non-Hermiticity is ben-
eficial for exploiting exotic topological matter.

The potential application of topological superconductivity in fault-
tolerant quantum computing is promising1. Especially, the emergence
of Majorana fermions at the ends of one-dimensional topological
superconductors exhibits non-Abelian statistics2, and the braiding
operations on them are expected to construct topological qubits,
bringing about a revolution in quantum information storage3. Due to
the lack of natural p-wave superconductors, the idea of applying the
proximity effect to materials with strong spin-orbit coupling (SOC) has
been proposed4–9. Many efforts and attempts have beenmade into one-
dimensional InSb (refs. 10,11) and InAs (ref. 12) semiconductor nano-
wires,HgTe/HgCdTe (ref. 13) and InAs/GaSb (ref. 14) quantumwellswith
quantumspinHall helical edge states, andgraphenequantumHall chiral
edge states15,16, where evidence of one-dimensional supercurrent and
signatures of topological nature has been revealed. Recently, the notion
of topology has been extended to higher order category17–24, opening

new routes towards the realization ofMajorana zeromodes on the ends
of higher order hinge states when proximitized to superconductors.
Evidence for one-dimensional hinge state superconductivity has been
observed in Josephson junctions composed of higher order topological
insulator Bi (refs. 25,26), higher order topological semimetals WTe2
(refs. 27–29), MoTe2 (refs. 30,31), and Cd3As2 (ref. 32).

However, ambiguities remain in the interpretation of super-
current carried by higher order hinge states in gapless systems.
Especially, the widths and amplitudes of observed edge supercurrent
vary greatly in systems predicted to exhibit hinge states. In particular,
the width of boundary supercurrent in topological semimetals ranges
from less than 10 nm (ref. 31) to greater than 1 μm (ref. 28), and the
amplitude of the boundary superconducting current varies from tens
of nA (refs. 27,29,32) to several μA (ref. 28). The non-Hermitian skin
effect (NHSE)33–41 induced boundary states give an alternative edge
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supercurrent channel. In disordered crystals, the finite lifetime of
quasiparticles due to electron-electron, electron-phonon, or electron-
impurity scattering could give rise to non-Hermitian self-energy
terms in the effectiveHamiltonian40,42–48. Interestingly, NHSE, the piling
up of eigenstates at the system’s boundaries with the breakdown of
traditional bulk-boundary correspondence, is shown to be universal in
two and three dimensions by recent theories41,49. Especially, non-
Hermitian skin modes, coexisting with topological hinge states,
have been predicted in Dirac semimetals combinedwith C4-symmetric
perturbations39,50,51, as illustrated in Fig. 1a (also see Supplemen-
tary Fig. 1).

In thiswork,weobserve abroadand colossal edge supercurrent in
Dirac semimetal Cd3As2-based Josephson junctions by measuring the
magnetic field modulated supercurrent interference. The sample is of
high carrier density, formed naturally during the synthesis process. A
SQUID-like supercurrent pattern is observed, showing the edge-
dominated supercurrent transport. The width and magnitude of the
supercurrent edge channel are found to be ~1.6 μm and ~1 μA, which is
much larger than the typical value for the topological hinge state
scenario, consistent with the NHSE scenario. The skinmodes are found
to be boundary-sensitive. At 10mK, the supercurrent channels at the
two edges of the nanoplate are asymmetric. By increasing the tem-
perature, the difference between the two edge channels is gradually
eliminated due to thermal fluctuations. The edge supercurrent also
renders a SQUID-like pattern nonlocally with a long coherence length.
These observations indicate an effective mode filter of the super-
current transport.

Results
SQUID-like interference pattern and edge supercurrent
Figure 1b shows the optical image of the device studied in this work.
The Cd3As2 nanoplates were grown by chemical vapor deposition

method with a (112) surface plane (Supplementary Fig. 2). Individual
nanoplates were proximitized with Nb superconducting contacts (see
Methods). Between the Nb electrodes, a series of junctions with dif-
ferent channel lengths L are formed. The electrical transport mea-
surements were performed in a dilution refrigerator with a base
temperature of 10mK. Reproducible results are obtained from differ-
ent junctions. The measurement results of two typical junctions
(denoted by junctions 1 and 2, see Supplementary Table 1 for details)
with different channel lengths are presented. The employed nano-
plates are heavily electron-doped due to the native defects in the
growth process52–55, of which the Fermi level can hardly be modulated
by gate voltage (Supplementary Fig. 3). The electron density is esti-
mated to be ∼ 2 × 1018 cm�3 from the transfer curve (Supplementary
Fig. 3d). The high electron density indicates the existence of con-
siderable amounts of defects in the nanoplate, which would enhance
the non-Hermitian perturbations and facilitate the observation of skin
modes40,42,43,45–48,56.

To investigate the spatial distribution of supercurrent, an out-of-
plane perpendicular magnetic field Bz is applied to induce super-
current interference in the junctions. For the junction with a short
channel length, the bulk and surface supercurrent dominate and lead
to a standard Fraunhofer pattern32. As shown in Fig. 1c, the critical
current Ic of junction 2 with a channel length of 600 nm displays
rapidly decaying oscillations with Bz and the central lobe is almost
twice as wide as the neighboring lobes, showing a typical feature of
the Fraunhofer pattern. The Ic Bz

� �
data can be well fitted using the

Dynes and Fulton method (DF method)57, as shown in Fig. 1c. The
extracted supercurrent density profile (Supplementary Fig. 3e)
reveals the dominant role of bulk and surface states in supercurrent
transport of junction 2. When the channel length is increased,
the bulk-carried supercurrents are greatly suppressed and only the
supercurrent at the boundaries remains32. Figure 1d displays the
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Fig. 1 | Characteristics of the Cd3As2 nanoplate-based Josephson junctions.
aHinge states (green line) and skinmodes (light blue) distributed on the surface of
a Cd3As2 nanoplate with 112ð Þ surface orientation. Cd3As2 has a pair of Dirac points
along kz direction, i.e., 001ð Þ direction and the hinge states are the segments
connecting the projection of the bulk Dirac points along the hinges. b Optical
image of the device. The nanoplate is denoted by gray, while the Nb electrodes are
denoted by green. Josephson junctions 1 and 2 are indicated, where the channel
lengths are 800 and600nm, respectively. The four-terminalmeasurementmethod

is adopted. Scale bar, 4 μm. c Color map of differential resistance dV/dI as a
function of Idc and Bz in junction 2 at the base temperature of 10mK. The dark blue
region represents the superconducting state, while its upper boundary denotes the
critical current Ic. The orange curve shows the fitting results using the DFmethod.
d dV/dI as a function of Idc and Bz in junction 1 at the base temperature (10mK). A
SQUID-like supercurrent interference pattern is captured, where the width of the
central lobe is close to others.
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evolution of differential resistance dV/dI as a function of Idc and Bz in
junction 1 (channel length = 800 nm). Compared to junction 2, the Ic
in junction 1 can sustain at a much higher magnetic field and the
widths of the central lobe and the side lobes are approximately equal.
This is a typical feature of the SQUID-like pattern.

For junction 1, the data of Ic(Bz) can bebetterfitted using the edge-
stepped supercurrent model (Supplementary Fig. 4) than the Fraun-
hofer formula, as seen in Fig. 2a. The supercurrent density distribution
Jc(x) is further extracted from Ic(Bz) data based on the DF method57, as
shown in Fig. 2b. The edge supercurrent is found to be dominant.
Interestingly, with a Gaussianfitting (SupplementaryNote 1), thewidth
of supercurrent edge channels is found to be ~1.6μm,much larger than
the reported experimental value for other superconducting edge
systems (typically several hundreds of nanometers) at low
temperatures13,14,27,29. Also, the observed edge supercurrent is 1.18 μA
for the left edge and 0.8 μA for the right edge, much larger than the
valueof a singlehinge channel (eΔNb=2_= 140 nA) in the short junction
regime27. The non-zero Ic at the first minima near the central nodes
(Fig. 1d) and the two asymmetric Jc(x) peaks (Fig. 2b) suggest that there
are two asymmetric supercurrent channels at the two edges of the
nanoplate.

Temperature dependence
We further investigate the temperature dependence of the edge
superconductivity by increasing the temperature gradually from
10mK to 1.6 K. The evolution of the SQUID-like pattern with tem-
perature in junction 1 is shown in Fig. 3a. It is found that the Ic of the
two central nodes goes gradually fromnonzero to zerowith increasing
temperature. Upon lifting the temperature higher than 600mK, the
zero-residual supercurrent at the central nodes suggests a symmetric
edge distribution. Quantitatively, using the DF method, the calculated
supercurrent density profile Jc xð Þ at 800mK shown in Fig. 3b indicates
two symmetric edge modes. The evolution from asymmetric to sym-
metric edgemodes is further revealedby the temperaturedependence
of the two-edge peak ratio, Jc left peakð Þ/ Jc right peakð Þ, as shown in
Fig. 3c. Besides, the width of supercurrent edge channels becomes
gradually equivalent for the two edges with increasing tempera-
ture (Fig. 3d).

The temperature dependence of the total critical current Ic is also
investigated. As shown in Fig. 3e, in the absence of amagneticfield, the
Ic exhibits a convex-shaped decreasewith increasing Tup to the critical
temperature, indicating so-called short junction characteristics. For a
short ballistic junction, the temperature-dependent Ic can be

expressed by the following formula58–60

Ic Tð Þ / max
φ

Δ Tð Þ sin φð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� τsin2 φ

2

� �q tanh
Δ Tð Þ
2kBT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� τsin2 φ

2

� �r� �0
B@

1
CA, ð1Þ

where φ is the phase difference between two superconducting elec-
trodes, τ is the transmission coefficient of the superconductor-

nanoplate interface and Δ Tð Þ∼Δ0 tanhð1:74
ffiffiffiffi
Tc
T

q
� 1Þ denotes the

superconducting gap of the junction and Δ0 is the proximity-
induced gap at T =0 K. The Δ0 and τ are treated as fitting parameters
here. As shown in Fig. 3e, the experimental Ic Tð Þ data can be well-fitted
by this short ballistic junction model. The transmission coefficient
τ =0:4 and the induced superconducting gap Δ0 =0:26 meV are
extracted. Given that the Δ0 = 1:76kBTc, the obtained Tc is around
1.7 K, consistent with the experimental observation.

Nonlocal supercurrent transport on the edges
The edge supercurrent is also found to induce a SQUID-like pattern in
nonlocal setups. As sketched in Fig. 4a, a dc bias current Ib (with ac
excitation current ib) is injected from terminals A and B, and nonlocal
ac voltage difference Vnonlocal is simultaneously monitored on the
terminals C and D. The electrodes A and B form junction 1, while C and
D form junction 2. When the applied Ib is smaller than the critical
current of junction 1 IJ1c , the superconducting state makes the current
not leak out from junction 1, rendering Vnonlocal =0. As Ib is larger than
the critical current, junction 1 turns to the resistive state and the
injected current Ib would spread out even through the nonlocal
regions, as shown in Fig. 4b. For the bulk/surface states, the current
would be primarily concentrated between A and B (orange and yellow
arrows in Fig. 4b), inducing a negligible nonlocal current spreading61.
By contrast, the edge states possess a longer electron mean free path
and can nonlocally propagate a longer distance, benefiting from
topological protection and the suppression of backscattering32,36,38,62.
The nonlocal current Inonlocal along the edge channels (blue arrows in
Fig. 4b) would cause a measurable nonlocal voltage Vnonlocal between
terminals C and D, only if Inonlocal is larger than the critical current of
junction 2 I J2c (ref. 61).

Figure 4c shows the colormap of nonlocal ac voltage Vnonlocal

versus Ib and out-of-plane field Bz . The dark blue region corre-
sponds to the superconducting state, and the upper boundary
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Fig. 2 | Broad and colossal edge supercurrent observed in junction 1. a The
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extracted supercurrent density profile Jc xð Þ according to the experimental data
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denotedby the red solid curve. Asymmetric supercurrent density peaks exist at two
edges of the nanoplate. The full width of half maximum (FWHM) of the Gaussian
peaks is 1:65 and 1:57μm, respectively, which are considered as the width of the
edge supercurrent channels.
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denotes the critical value of Ib that drives the nonlocal region
(junction 2) into the normal state. At Bz =0 mT, Vnonlocal is still
vanishing even when Ib is larger than the critical current ~2 μA of the
locally biased region (junction 1), and then turns to a finite value as
further increasing Ib larger than 12:5 μA. In this situation, the Inonlocal
has reached the critical current of junction 2 IJ2c . Considering
IJ2c ~ 2.2 μA, the Inonlocal ≈0:17Ib is thus obtained and the calculated
nonlocal critical current Inonlocalc Bz

� �
is presented in Fig. 4d. The

Inonlocalc Bz

� �
oscillations show a close resemblance to the SQUID-

like pattern, which is distinct from the Fraunhofer pattern of the
same region (junction 2) observed in local measurements (Fig. 1c).
This nonlocal configuration acts as an effective transport mode
filter, and thus the topological edge channels can be picked out.
Figure 4e shows the calculated nonlocal supercurrent density pro-
file J0c xð Þ in junction 2. The J0c xð Þ peaks are clearly observed residing
on the nanoplate two edges, further confirming the supercurrent
edge modes on the Cd3As2 nanoplate.

Discussion
Here we briefly discuss the possible origins that may lead to a broad
and colossal edge supercurrent. Mechanisms such as topologically
trivial edge modes63–65 and delocalization of hinge states13, fail to
explain the broadening supercurrent edge channels in ourwork due to
coherence length and Fermi wavelength considerations (see Supple-
mentary Note 2 for detailed discussion).

This wide and colossal supercurrent edge channel could be
explained by considering the non-Hermitian skin effect33–41. The
topological hinge states and the non-Hermitian skin modes are both
present and carry the supercurrent (Fig. 1a). Therefore, the total JcðxÞ is
much wider and larger than the predicted hinge states. To model our
non-Hermitian Dirac semimetal system and demonstrate the skin
effect quantitatively, we start from the effective Hermitian Hamilto-
nian of Cd3As2. The low-energy excitation could be described by a

minimal effective Hamiltonian66:

H0 kð Þ= ϵ0 kð Þ+

M kð Þ Ak + 0 0

Ak� �M kð Þ 0 0

0 0 M kð Þ �Ak�
0 0 �Ak + �M kð Þ

0
BBB@

1
CCCA, ð2Þ

where k ± = kx ± iky, ϵ0ðkÞ=C0 +C1k
2
z +C2 k2

x + k
2
y

� �
and M kð Þ=M0 �

M1k
2
z �M2ðk2

x + k
2
yÞ involve the band structure. The energy dispersion

follows E kð Þ= ϵ0 kð Þ±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M kð Þ2 +A2k + k�

q
, forming a pair of fourfold

degenerate Dirac points at kc = ð0,0,kc
z = ±

ffiffiffiffiffi
M0
M1

q
Þ. Around the Dirac

points, M kc� �
=M0 �M1k

2
z �M2ðk2

x + k
2
yÞ≈�M2ðk2

x + k
2
yÞ, which is in

O(k2). For simplicity, we hereafter consider the expansion up to O(k)
and ignore terms containing M kð Þ. The approximation is applicable
since the Fermi energy (Ef ~ 80meV, Supplementary Fig. 3) is within the
linear energy dispersion range (a few hundred meV around the Dirac
point)67.

In disordered solid-state systems, the finite lifetime of quasi-
particles could result in non-Hermitian terms in one-body effective
Hamiltonian40,42,43,45–48, which applies here in Cd3As2 with a high carrier
density n∼ 2 × 1018 cm�3 (Supplementary Fig. 3), formed naturally
during the synthesis process. To illustrate the presence of non-
Hermitian skin effect, we consider the non-Hermitian termof the form:

iΓ= iγ1�σx , ð3Þ

where σx is the Pauli matrix, and γ is a real constant reflecting the
strength of the non-Hermitian interaction. The non-Hermicity is easily
verified such that Γ is a Hermitian term. Plugging the non-Hermitian
part into the effective Hamiltonian of Cd3As2, the 4 × 4 quasiparticle
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Fig. 3 | Temperature-dependent SQUID-like interference patterns in junction 1.
a Evolution of SQUID-like interference pattern with temperature. As increasing
temperature, the central nodes of Ic oscillations go from nonzero to zero. b The
extracted supercurrent density profile according to the Ic Bz

� �
data at 800mK. The

blue dashed curve is obtained by the DFmethod, and its Gaussian fit is denoted by
the red solid curve. Symmetric Jc peaks exist at two edges of the nanoplate with
almost vanishing bulk contribution. c The ratio of Jc left peakð Þ/ Jc right peakð Þ as a

function of temperature. d The FWHM of Jc edge peaks as a function of tempera-
ture, revealing the variation of the width of the supercurrent edge channel versus
temperature. e Temperature-dependent critical current Ic Tð Þ at Bz =0 mT. The
purple curve shows the fitting result based on the short ballistic junction model,
and the parameters of interfacial transmission coefficient τ =0:4 and proximity-
induced superconducting gap Δ0 =0:26 meV are obtained.
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Hamiltonian is then given by

H kð Þ=H0 kð Þ+ iΓ
=H0 kð Þ+ iγ1�σx :

ð4Þ

For the first two basis states, S1
2
, 12

			 E
and P3

2
, 32

			 E
, we perform the

substitution

kx ! fkx = kx � i
γ
A
, ð5Þ

while for the last two basis states, S1
2
,� 1

2

			 E
and P3

2
,� 3

2

			 E
, we do the

substitution

kx ! fkx = kx + i
γ
A
: ð6Þ

The Hamiltonian then writes

Hð~kÞ=

0 A ~k + + iγ 0 0

A ~k� + iγ 0 0 0

0 0 0 �A ~k� + iγ

0 0 �A ~k + + iγ 0

0
BBBB@

1
CCCCA+C0

=

0 Ak + 0 0

Ak� 0 0 0

0 0 0 �Ak�
0 0 �Ak + 0

0
BBB@

1
CCCA+C0,

ð7Þ

which is Hermitian after the substitution. In the case of a Hermitian
Hamiltonian, the Bloch states are expected. For the first two basis

states, the eigenstate evolves as

ψ1 / ei
e~k�~r / ei

ekxx = eikxx � eγ
Ax , ð8Þ

aggregating exponentially on the right edges. For the last two basis
states, the eigenstate behaves as

ψ2 / ei
e~k�~r / ei

ekxx = eikxx � e�γ
Ax , ð9Þ

accumulating exponentially on the left edges. Thus, by modeling the
Dirac semimetal Cd3As2 with a non-HermitianHamiltonian, the feature
of skinmodes gathering at both sides of the nanoplate along the width
direction is verified.

We further take the decaying constant as the spatial broadening
of the non-Hermitian skin modes, i.e., wskin =

A
γ : We adopt

A=2:75 eVÅ obtained by fittings to the ARPES data of Cd3As2
(ref. 67). For the non-Hermitian amplitude, we estimate γ ≈ _

τ, where τ
is the quasiparticle lifetime. Considering the junction length of J1
in our manuscript is 800 nm, the bulk could hardly carry super-
current due to its much smaller coherence length ξbulk ~ 81 nm
(Supplementary Fig. 1). Therefore, we attribute the observed skin
modes to the accumulation of surface states. The lifetime is then
estimated to be

τ ≈
lsurfacee

vF
≈ 3:3 ps, ð10Þ

where mean free path of surface states lsurfacee ≈ 1 μm (Supplementary
Fig. 1), Fermi velocity vF ≈ 3 × 10

5 m=s. The non-Hermitian amplitude
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a Schematic of the nonlocal measurement configuration. The bias dc current Ib
superimposed on an ac excitation ib is injected from terminal A to B, and the ac
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follows

γ≈
_

τ
≈0:20meV, ð11Þ

giving the width of the skin modes

wskin =
A
γ
≈

2:75 eVÅ
0:20meV

≈ 1:4μm, ð12Þ

in the same order of magnitude as our observed edge supercurrent
with a width of ~1:6 μm at the base temperature of 10mK. The con-
sistency between the model analysis and the experimental results
makes the NHSE a potential candidate for explaining the origin of wide
and large edge supercurrent in our work.

We note that non-Hermitian terms are usually considered in
diagonal forms to study the behaviors of quasiparticles in interacting
and/or disordered many-body systems40,42,43,45–48. However, the condi-
tion for a diagonal self-energy matrix is not always guaranteed and
needs to fulfill specific symmetry42,44. Considering the complexity of
the multi-band electronic structure in Cd3As2, the condition of a
diagonal self-energy matrix may not be satisfied. Thus, introducing an
off-diagonal non-Hermitian term in an open system with disorder is a
possible option, by which we successfully reveal the existence of the
NHSE in Dirac semimetal Josephson junctions. The concrete physical
origin of the off-diagonal non-Hermitian terms remains elusive and
needs future efforts.

As for the temperature dependence, the asymmetric-symmetric
transition when warming up could be understood since the thermal
fluctuations would smear out the difference of the two-edge skin
modes at higher temperatures. Recent theory predicts that the local
pseudospectral weight, a quantitative indicator of the skin effect, no
longer depends on boundary conditions at higher temperatures, due
to the suppression of the line gap by a thermal perturbation68. Our
observation of symmetric edge supercurrents that are carried by the
skin mode at higher temperatures is consistent with this theoretical
prediction.

In summary, we investigated the Josephson supercurrent induced
into topological Dirac semimetal Cd3As2 nanoplates and we revealed
that the supercurrent is carried by edge channels. Wide near-edge
regions of more than 1:5 μm in width have been observed, suggesting
that the quasiparticles gather near the edge, which is consistent with
the theoretically predicated non-Hermitian skin effect. Through non-
localmeasurements, the supercurrent from the bulk stateswas filtered
out, strengthening the evidence for edge-mode supercurrents. Our
work provides deep insight into the coexistence of topology and non-
Hermiticity, which is significant for revealing the exotic boundary
physics in topological semimetals.

Methods
Device fabrication
Cd3As2 nanoplates with (112) surface orientation were grown by the
chemical vapor deposition method32,69,70. Individual Cd3As2 nanoplate
was then transferred onto a silicon substrate with a 285-nm-thick SiO2

coating layer. The selected nanoplate is heavily electron-doped and
has a thickness of ~170 nm (Supplementary Fig. 2). Nb electrodes were
fabricated after the e-beam lithography and magnetron sputtering
process. ThePd capping layerwasused toprotectNb fromoxidization.
Before theNbdeposition, an in-situ Ar+ etching processwas performed
to remove the native oxide layer of the nanoplate.

Transport measurements
Transport measurements were performed in a dilution refrigerator
with a base temperature of 10mK. The differential resistance was
acquired by current biasing the sample with a dc component (Idc) and

ac component (iac) and simultaneously measuring the ac voltage
across the sample through the lock-in amplifier (SR830). For obtaining
the current–voltage (I � V ) curves, the Idc was swept from negative to
positive and the dc voltage Vdc was concurrently recorded. The critical
current Ic was determined by setting a switching threshold of Vdc. The
superconducting transportmeasurementswere conducted in the four-
probe current–voltage geometry. Three-axis vector magnet was used
to apply magnetic fields in different directions.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon request.

References
1. Nayak, C., Simon, S. H., Stern, A., Freedman, M. & Das Sarma, S.

Non-Abelian anyons and topological quantum computation. Rev.
Mod. Phys. 80, 1083–1159 (2008).

2. Kitaev, A. Y. Unpaired Majorana fermions in quantum wires. Phys.—
Usp. 44, 131–136 (2001).

3. Alicea, J., Oreg, Y., Refael, G., von Oppen, F. & Fisher, M. P. A. Non-
Abelian statistics and topological quantum information processing
in 1D wire networks. Nat. Phys. 7, 412–417 (2011).

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

5. Law, K. T., Lee, P. A. & Ng, T. K. Majorana fermion induced resonant
Andreev reflection. Phys. Rev. Lett. 103, 237001 (2009).

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

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

8. Kobayashi, S. & Sato, M. Topological superconductivity in Dirac
semimetals. Phys. Rev. Lett. 115, 187001 (2015).

9. Chen, A. & Franz, M. Superconducting proximity effect and Major-
ana flat bands at the surface of a Weyl semimetal. Phys. Rev. B 93,
201105 (2016).

10. Mourik, V. et al. Signatures of majorana fermions in hybrid
superconductor-semiconductor nanowire devices. Science 336,
1003–1007 (2012).

11. Deng, M. T. et al. Anomalous zero-bias conductance peak in a Nb-
InSb nanowire-Nb hybrid device. Nano Lett. 12, 6414–6419 (2012).

12. Das, A. et al. Zero-bias peaks and splitting in an Al-InAs nanowire
topological superconductor as a signature of Majorana fermions.
Nat. Phys. 8, 887–895 (2012).

13. Hart, S. et al. Induced superconductivity in the quantum spin Hall
edge. Nat. Phys. 10, 638–643 (2014).

14. Pribiag, V. S. et al. Edge-mode superconductivity in a two-
dimensional topological insulator. Nat. Nanotechnol. 10,
593–597 (2015).

15. Amet, F. et al. Supercurrent in the quantum Hall regime. Science
352, 966–969 (2016).

16. Lee, G.-H. et al. Inducing superconducting correlation in quantum
Hall edge states. Nat. Phys. 13, 693–698 (2017).

17. Benalcazar, W. A., Bernevig, B. A. & Hughes, T. L. Quantized electric
multipole insulators. Science 357, 61–66 (2017).

18. Benalcazar, W. A., Bernevig, B. A. & Hughes, T. L. Electric multipole
moments, topological multipole moment pumping, and chiral
hinge states in crystalline insulators. Phys. Rev. B 96, 245115 (2017).

19. Schindler, F. et al. Higher-order topological insulators. Sci. Adv. 4,
eaat0346 (2018).

20. Ezawa, M. Higher-order topological insulators and semimetals on
the breathing Kagome and Pyrochlore lattices. Phys. Rev. Lett. 120,
026801 (2018).

Article https://doi.org/10.1038/s41467-023-41815-4

Nature Communications |         (2023) 14:6162 6



21. Lin, M. & Hughes, T. L. Topological quadrupolar semimetals. Phys.
Rev. B 98, 241103 (2018).

22. Călugăru, D., Juričić, V. & Roy, B. Higher-order topological phases: a
general principle of construction. Phys. Rev. B99, 041301(R) (2019).

23. Ezawa, M. Second-order topological insulators and loop-nodal
semimetals in transition metal dichalcogenides XTe2 (X = Mo, W).
Sci. Rep. 9, 5286 (2019).

24. Wang, Z., Wieder, B. J., Li, J., Yan, B. & Bernevig, B. A. Higher-order
topology,monopole nodal lines, and theorigin of large fermi arcs in
transition metal dichalcogenides XTe2 (X=Mo, W). Phys. Rev. Lett.
123, 186401 (2019).

25. Murani, A. et al. Ballistic edge states in bismuth nanowires revealed
by SQUID interferometry. Nat. Commun. 8, 15941 (2017).

26. Schindler, F. et al. Higher-order topology in bismuth. Nat. Phys. 14,
918–924 (2018).

27. Choi, Y.-B. et al. Evidence of higher-order topology in multilayer
WTe2 from Josephson coupling through anisotropic hinge states.
Nat. Mater. 19, 974–979 (2020).

28. Huang, C. et al. Edge superconductivity in multilayer WTe2
Josephson junction. Natl Sci. Rev. 7, 1468–1475 (2020).

29. Kononov, A. et al. One-dimensional edge transport in few-layer
WTe2. Nano Lett. 20, 4228–4233 (2020).

30. Huang, F.-T. et al. Polar and phase domain walls with conducting
interfacial states in a Weyl semimetal MoTe2. Nat. Commun. 10,
4211 (2019).

31. Wang, W. D. et al. Evidence for an edge supercurrent in the Weyl
superconductor MoTe2. Science 368, 534–537 (2020).

32. Li, C.-Z. et al. Reducing electronic transport dimension to topolo-
gical hinge states by increasing geometry size of dirac semimetal
josephson junctions. Phys. Rev. Lett. 124, 156601 (2020).

33. Yao, S., Song, F. & Wang, Z. Non-Hermitian chern bands. Phys. Rev.
Lett. 121, 136802 (2018).

34. Yao, S. & Wang, Z. Edge states and topological invariants of non-
Hermitian systems. Phys. Rev. Lett. 121, 086803 (2018).

35. Song, F., Yao, S. & Wang, Z. Non-Hermitian skin effect and chiral
damping in open quantum systems. Phys. Rev. Lett. 123,
170401 (2019).

36. Okuma, N., Kawabata, K., Shiozaki, K. & Sato, M. Topological
origin of non-Hermitian skin effects. Phys. Rev. Lett. 124,
086801 (2020).

37. Yi, Y. & Yang, Z. Non-Hermitian skin modes induced by on-site dis-
sipations and chiral tunneling effect. Phys. Rev. Lett. 125,
186802 (2020).

38. Zhang, K., Yang, Z. & Fang, C. Correspondence between winding
numbers and skinmodes in non-Hermitian systems. Phys. Rev. Lett.
125, 126402 (2020).

39. Ghorashi, S. A. A., Li, T., Sato, M. & Hughes, T. L. Non-Hermitian
higher-order Dirac semimetals. Phys. Rev. B 104, L161116 (2021).

40. Okuma, N. & Sato, M. Non-Hermitian skin effects in hermitian cor-
related or disordered systems: quantities sensitive or insensitive to
boundary effects and pseudo-quantum-number. Phys. Rev. Lett.
126, 176601 (2021).

41. Zhang, K., Yang, Z. & Fang, C. Universal non-Hermitian skin effect in
two and higher dimensions. Nat. Commun. 13, 2496 (2022).

42. Kozii, V. & Fu, L. Non-Hermitian topological theory of finite-lifetime
quasiparticles: predictionof bulk fermi arcdue toexceptional point.
Preprint at https://arxiv.org/abs/1708.05841 (2017).

43. Shen, H., Zhen, B. & Fu, L. Topological band theory for non-
Hermitian Hamiltonians. Phys. Rev. Lett. 120, 146402 (2018).

44. Shen, H. & Fu, L. Quantum oscillation from in-gap states and a non-
Hermitian Landau level problem. Phys. Rev. Lett. 121,
026403 (2018).

45. Isobe,H. &Nagaosa, N. AnomalousHall effect fromanon-Hermitian
viewpoint. Phys. Rev. B 107, L201116 (2023).

46. Matsushita, T., Nagai, Y. & Fujimoto, S. Disorder-induced excep-
tional and hybrid point rings inWeyl/Dirac semimetals. Phys. Rev. B
100, 245205 (2019).

47. Papaj, M., Isobe, H. & Fu, L. Nodal arc of disordered Dirac fermions
and non-Hermitian band theory. Phys. Rev. B 99, 201107(R) (2019).

48. Zyuzin, A. A. & Simon, P. Disorder-induced exceptional points and
nodal lines in Dirac superconductors. Phys. Rev. B 99,
165145 (2019).

49. Wang, H.-Y., Song, F. & Wang, Z. Amoeba formulation of the non-
Hermitian skin effect in higher dimensions. Preprint at https://arxiv.
org/abs/2212.11743 (2022).

50. Kawabata, K., Bessho, T. & Sato, M. Classification of exceptional
points and non-hermitian topological semimetals. Phys. Rev. Lett.
123, 066405 (2019).

51. Rui, W. B., Hirschmann, M. M. & Schnyder, A. P. PT-symmetric non-
Hermitian Dirac semimetals. Phys. Rev. B 100, 245116 (2019).

52. Neupane, M. et al. Observation of a three-dimensional topological
Dirac semimetal phase in high-mobility Cd3As2. Nat. Commun. 5,
3786 (2014).

53. Liang, T. et al. Ultrahighmobility andgiantmagnetoresistance in the
Dirac semimetal Cd3As2. Nat. Mater. 14, 280–284 (2015).

54. Sun, F. et al. Coherent helix vacancy phonon and its ultrafast
dynamicswaning in topological Dirac semimetal Cd3As2. Phys. Rev.
B 95, 235108 (2017).

55. Butler, C. J. et al. Observation of surface superstructure induced by
systematic vacancies in the topological Dirac semimetal Cd3As2.
Phys. Rev. B 95, 081410 (2017).

56. Malzard, S., Poli, C. & Schomerus, H. Topologically protected
defect states in open photonic systems with non-hermitian charge-
conjugation and parity-time symmetry. Phys. Rev. Lett. 115,
200402 (2015).

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

58. Borzenets, I. V. et al. Ballistic graphene Josephson junctions from
the short to the long junction regimes. Phys. Rev. Lett. 117,
237002 (2016).

59. Lee, G.-H., Kim, S., Jhi, S.-H. & Lee, H.-J. Ultimately short ballistic
vertical graphene Josephson junctions. Nat. Commun. 6,
6181 (2015).

60. Li, C. Z. et al. Bulk and surface states carried supercurrent in ballistic
Nb-Dirac semimetal Cd3As2 nanowire-Nb junctions. Phys. Rev. B97,
115446 (2018).

61. Lee, J. H. et al. Local and nonlocal Fraunhofer-like pattern from an
edge-stepped topological surface Josephson current distribution.
Nano Lett. 14, 5029–5034 (2014).

62. Hakioğlu, T. Effect of the electron-phonon interaction on the spin
texture in Bi2−ySbySe3−xTex. Phys. Rev. B 100, 165407 (2019).

63. Song, L. L., Zheng, X. H., Wang, R. L. & Zeng, Z. Dangling bond
states, edgemagnetism, and edge reconstruction in pristine and B/
N-terminated zigzag graphene nanoribbons. J. Phys. Chem. C 114,
12145–12150 (2010).

64. Gao, J. et al. Surface reconstruction, oxidation mechanism, and
stability of Cd3As2. Adv. Funct. Mater. 29, 1900965 (2019).

65. Aharon-Steinberg, A. et al. Long-range nontopological edge cur-
rents in charge-neutral graphene. Nature 593, 528–534 (2021).

66. Wang, Z., Weng, H., Wu, Q., Dai, X. & Fang, Z. Three-dimensional
Dirac semimetal and quantum transport in Cd3As2. Phys. Rev. B 88,
125427 (2013).

67. Jeon, S. et al. Landau quantization and quasiparticle interference in
the three-dimensional Dirac semimetal Cd3As2. Nat. Mater. 13,
851–856 (2014).

68. Yoshida, T. Real-space dynamical mean field theory study of non-
Hermitian skin effect for correlated systems: analysis based on
pseudospectrum. Phys. Rev. B 103, 125145 (2021).

Article https://doi.org/10.1038/s41467-023-41815-4

Nature Communications |         (2023) 14:6162 7

https://arxiv.org/abs/1708.05841
https://arxiv.org/abs/2212.11743
https://arxiv.org/abs/2212.11743


69. Li, C. Z. et al. Fermi-arc supercurrent oscillations in Dirac semimetal
Josephson junctions. Nat. Commun. 11, 1150 (2020).

70. Wang, A. Q. et al. Surface engineering of antisymmetric linear
magnetoresistance and spin-polarized surface state transport in
Dirac semimetals. Nano Lett. 21, 2026–2032 (2021).

Acknowledgements
This work was supported by the Innovation Program for Quantum Sci-
ence and Technology (2021ZD0302403 (Z.-M.L.)), National Natural Sci-
ence Foundation of China (Grant Nos. 91964201 and 61825401 (Z.-M.L.)),
China Postdoctoral Science Foundation (Grant No. 2021M700254
(A.-Q.W.)), and financially supported by the Netherlands Organization
for Scientific Research (NWO) through a VIDI grant (VI.Vidi.203.047
(C.L.)). We are grateful to Professor Zhong Wang, Hong-Yi Wang, and
Fei Song for inspiring discussions.

Author contributions
Z.-M.L. conceived and supervised the project. C.-G.C., P.-Z.X, N.L.,
A.-Q.W., and Z.-C.P. grew the samples, fabricated the devices, and
characterized the performance. J.-J.C. and Z.-B.T. with the guidance of
D.Y. performed the transport measurements in the dilution refrigerator.
Z.-M.L., A.-Q.W., C.-G.C., C.-Z.L., C.L., and A.B. analyzed the data. H.-Z.L.
advised on the theoretical analysis. Z.-M.L., A.-Q.W., and C.-G.C. wrote
the manuscript with discussion and input of all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41815-4.

Correspondence and requests for materials should be addressed to
An-Qi Wang, Zhen-Bing Tan or Zhi-Min Liao.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-41815-4

Nature Communications |         (2023) 14:6162 8

https://doi.org/10.1038/s41467-023-41815-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Broad and colossal edge supercurrent in Dirac semimetal Cd3As2 Josephson junctions
	Results
	SQUID-like interference pattern and edge supercurrent
	Temperature dependence
	Nonlocal supercurrent transport on the edges

	Discussion
	Methods
	Device fabrication
	Transport measurements

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




