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The Josephson diode effect (JDE), a nonreciprocal supercurrent, is a cornerstone for future dissipationless electron-
ics, yet achieving high efficiency in a simple device architecture remains a significant challenge. Here, we theoretically
investigate the JDE in a junction based on monolayer 1T′-WTe2. We first establish that different edge terminations of a
WTe2 nanoribbon lead to diverse electronic band structures, some of which host asymmetric edge states even with crystal-
lographically equivalent terminations. This intrinsic asymmetry provides a natural platform for realizing the JDE. With a
WTe2-based Josephson junction, we demonstrate a significant JDE arising purely from these asymmetric edges when time-
reversal symmetry is broken by a magnetic flux. While the efficiency of this edge-state-driven JDE is inherently limited,
we discover a crucial mechanism for its enhancement: by tuning the chemical potential into the bulk bands, the interplay
between edge and bulk transport channels boosts the maximum diode efficiency more than 50%. To interpret and rationalize
these trends, we construct a minimal theoretical model for the Josephson potential that captures edge–bulk interference and
quantitatively explains the numerical dependence on magnetic flux, chemical potential, and device geometry. Furthermore,
we show that this enhanced JDE is robust against moderate edge disorder. Our findings not only propose a novel route
to achieve a highly efficient JDE using intrinsic material properties but also highlight the potential of engineered WTe2
systems for developing advanced superconducting quantum devices.

Keywords: Josephson diode effect, topological insulators, Josephson junctions, edge states
PACS: 74.45.+c, 78.20.Bh ,85.30.Kk

DOI: 10.1088/1674-1056/ae6d9d CSTR: 32038.14.CPB.ae6d9d

1. Introduction
The semiconductor diode, whose foundational operat-

ing principles stem from the seminal p–n junction,[1,2] con-
stitutes an indispensable class of electronic components with
ubiquitous technological implementations. A conceptually
analogous yet physically distinct phenomenon emerges in su-
perconductors (SC), a phenomenon known as the supercon-
ducting diode effect (SDE), which allows the superconduct-
ing current to flow only in one direction.[3] This nonrecip-
rocal supercurrent phenomenon has garnered substantial ex-
perimental and theoretical attention in contemporary con-
densed matter physics,[4–17] due to its revelation of novel
transport mechanisms in symmetry-broken superconducting
systems, and its potential for unprecedented device integra-
tion prospects. This asymmetric supercurrent rectification dif-
fers fundamentally from conventional semiconductor diode
operation, enabling innovative dissipationless electronics that
could potentially revolutionize superconducting circuit design.
In superconducting systems, Josephson junctions and super-

conducting quantum interference devices (SQUIDs) are the
typical superconducting devices.[18,19] The nonreciprocal su-
percurrent effect in Josephson junctions is then termed the
Josephson diode effect (JDE),[20–27] which has different mag-
nitudes of critical currents (|Ic+| 6= |Ic−|) in opposite direc-
tions. This has been experimentally realized and theoreti-
cally calculated in various systems with broken time-reversal
and inversion symmetries.[14–16] The time-reversal symmetry
breaking is usually achieved by applying an external mag-
netic field,[28–33] while the inversion symmetry breaking can
arise from the asymmetry of stacked heterostructures,[6,21]

artificial device configuration,[34,35] interface,[36] and intrin-
sic lattice structure.[11,37] Furthermore, the field-free JDE
has also been explored in various systems where the
time-reversal symmetry is spontaneously broken by valley
polarization,[38–40] (anti)ferromagnetic materials,[41,42] loop
currents,[43] and exotic pairing function induced in uncon-
ventional superconductors.[44,45] Moreover, the JDE can also
be realized in asymmetric supercurrent interferometers or
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SQUID-like devices.[46–49] However, the diode efficiency η =

(Ic+− |Ic−)|/(Ic++ |Ic−|) is usually low[6,22,36] or the device
is complex with more than one Josephson junction to gain
the large diode efficiency.[46,47] On the other hand, the emer-
gent discovery and technological implementation of novel ma-
terial systems exhibiting exotic quantum phenomena has be-
come a hallmark of modern condensed matter physics, with
paradigmatic examples including (anti)ferromagnetism,[50,51]

altermagnetism,[52,53] and topological surface states and edge
states,[54–59] as well as boundary sublattice physics,[60,61]

etc. Additionally, transition metal dichalcogenides (TMDs)
are at the forefront of condensed matter research, as they
host a rich variety of intriguing ground states, such as topo-
logical insulators (TI) and semimetals,[62,63] charge density
waves,[64,65] and various types of possibly unconventional
superconductivity.[66–68] This fundamental progress is predi-
cated upon systematic investigations that establish viable path-
ways toward the realization of JDE and robust property op-
timization (including key performance metrics such as diode
efficiency) in engineered quantum systems.

In this work, we propose to implement the JDE in 1T′-
WTe2 based Josephson junction utilizing external magnetic
flux. The 2D 1T′-WTe2 functions as a quantum spin Hall ma-
terial characterized by strong crystalline anisotropy.[62] With
1T′-WTe2 based Josephson junction, we demonstrate distinct
edge-state ensembles due to varying edge-site atomic config-
urations (Fig. 1(a)), thereby enabling JDE through asymmet-
ric SQUID-like geometric configurations in the presence of
magnetic flux. The Josephson diode polarity (the sign of the
diode efficiency) is contingent upon the magnitude of the mag-
netic flux and edge configurations. Crucially, we found that
the maximal magnitude of diode efficiency can be enhanced
to more than 53% when the Fermi surface is tuned to the bulk
with the asymmetric edge states maintained (Fig. 1(c)). Fi-
nally, we find that edge disorder in the system has little effect
on the large JDE. Our work provides a new material platform
to achieve JDE with large diode efficiency and demonstrates a
great potential of future applications.

2. Termination-dependent dispersion in the
WTe2

WTe2 is one of the transition metal dichalcogenide
(TMDC) materials known for its variety of polytypic struc-
tures, 2H, 1T, and 1T′.[62] The 2H structure, identified as a
trivial semiconductor,[62] consists of three planes of hexago-
nally packed atoms in two dimensions, Te–W–Te, arranged in
an ABA stacking pattern. Conversely, the 1T structure entails
three planes with ABC stacking; however, it is unstable,[62]

and undergoes lattice distortion along the x-direction, result-
ing in the stable 1T′ structure with a rectangular unit cell
(Fig. 1(b)). For clarity, only the four atoms that contribute

significantly to the low-energy bands near the Fermi level are
shown; two Te atoms with negligible weight near the Fermi
level are omitted. This distortion renders the lattice non-
symmorphic with the glide-mirror Mx and twofold rotation
symmetry,[69–71] each accompanied by a half lattice transla-
tion in the x-direction (Fig. 1(b)). The unit cell structure also
respects inversion symmetry. The monolayer 1T′ configura-
tion of WTe2 is known as the topological nontrivial phase with
a band inversion at the Γ point.[72,73]

(a) (b)

(c)

X

Y

Fig. 1. (a) The setup of 1T′ WTe2 based Josephson junction with the
termination [WA,TeB]. (b) Lattice structure and unit cell of monolayer
WTe2. The colored circles indicate Wannier functions contributing to the
low-energy physics. (c) The Josephson potential with the maximal diode
efficiency (dashed line) with the inequivalent edges, and the Josephson
potential with no diode effect (solid line) with the equivalent edges.

To investigate the JDE in the 1T′ WTe2 based Josephson
junction, we begin with the tight-binding (TB) model based on
DFT calculations.[69,70] The four bands closest to the Fermi
level originate from the two dx2−y2 -type orbitals of the W
atoms and two px-type orbitals of the Te atoms. The Hamilto-
nian, based on the spin and four Wannier orbitals, is expressed
as

H0(k) = [h0(k)−µ]⊗ s0 +VSOCρzτysz, (1)

where ρ,τ,s label the (W,Te)i (i = A,B) sublattices, Wannier
orbitals p,d and spin degree of freedom. The explicit form for
the spin-degenerate part h0(k) is

h0(k) =


εd 0 tAB

d gk tAB
0 fk

0 εp −tAB
0 fk tAB

p gk

tAB
d g∗k −tAB

0 f ∗k εd 0

tAB
0 f ∗k tAB

p g∗k 0 εp

 , (2)

where gk = (1 + e−ikx)e iky , fk = 1− e−ikx and εl = µl +

2tl coskx + 2t ′l cos(2kx) (l = p,d) with the parameters µd =

0.4935, µp = −1.3265, td = −0.28, t ′d = 0.075, tp = 0.93,
t ′p = 0.075, tAB

0 = 1.02, tAB
d = 0.52, tAB

p = 0.4 in units of eV.
The SOC term is VSOC = 0.115.

Utilizing the TB Hamiltonian, we proceed to analyze
the band structure under various terminations. We construct
a lattice model with periodic boundary conditions in the x-
direction and open boundary conditions in the y-direction with
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a width 2W . Accordingly, both the upper and lower edges
of the slab in the x direction feature four distinct termina-
tions denoted as W(Te)i (i = A,B). We represent the ter-
minating atoms of the upper and lower edges using the set
[W(Te)i,W(Te)i]. Theoretically, there are 4× 4 = 16 poten-
tial configurations in total. Nevertheless, due to the inversion
symmetry of the unit cell, W(Te)A is equivalent to W(Te)B,
resulting in redundant configurations, such as [WA,WA] =
[WB,WB], reducing the count to ten distinct cases (Appendix
A). Figure 2(a) illustrates a representative band structure with
termination [WA,WB] (inset in Fig. 2), which features degen-
erate edge states. This degeneracy arises from the inversion
symmetry connecting the upper WA atoms and the lower WB

atoms. In contrast, the band structure associated with the ter-
mination [WA,TeB] (Fig. 2(b)) displays non-degenerate edge
states, where each edge exhibits different Fermi velocities ow-
ing to the non-equivalent terminating atoms. Additional band
structures for various termination configurations are detailed
in Appendix A.

(a) (b)

E E

Fig. 2. (a)–(b) Band structure with the periodic condition in the x-
direction, open boundary condition in the y-direction with the width of
W = 11. (a) The band structure with the termination [WA,WB]. (b) The
band structure with the termination [WA,TeB], the edge states are colored
the same as the edge atom. The blue horizontal line is the chemical po-
tential in the bulk and used in Fig. 3, µc is the position of the bottom of
the conduction band.

The scenarios vary when periodic boundary conditions
are imposed in the y direction and open boundary conditions
in the x direction with a length of 2L. Within this frame-
work, two distinct terminations, WATeA and WBTeB, exist
for the two edges of the slab along the y direction. We rep-
resent these edge configurations with [(WTe)i,(WTe)i]. In
principle, there are 2× 2 = 4 possible configurations of the
slab in total. Remarkably, all four configurations are equiva-
lent due to mirror symmetry Mx, which relates the two edges
in the [(WTe)i,(WTe)i] termination, and inversion symmetry,
which connects the edges in the [(WTe)i,(WTe)ī] termination,
with ī denoting the opposite of i. The band structures dis-
play identical characteristics, featuring degenerate edge states
with a Dirac point crossing at ky = π [69] (Appendix A). Con-
sequently, to implement the necessary asymmetry for the JDE,
the Josephson junction must be constructed along the x direc-
tion.

3. JDE with edge distortion
We consider the JDE in WTe2 based Josephson junction,

which is composed of a 2D WTe2 covered with supercon-
ductors on both ends. Given that the band structure along
the y-direction presents symmetric edges due to inversion and
mirror symmetries, we thus focus on the junction along the
x-direction, as shown in Fig. 1(a). In the Nambu basis, the
Bogoliubov–de Gennes (BdG) Hamiltonian of the system

HBdG =

(
H0(k) ∆

∆ † −H∗0 (−k)

)
. (3)

Without loss of generality, we here consider the edges formed
by WA and TeB atoms, with the associated band dispersion
depicted in Fig. 2(b). Then, we construct a TB BdG Hamilto-
nian of SC/TI/SC junction with the WTe2 Hamiltonian Eq. (1)
and compute the Andreev levels of the system by calculat-
ing the eigenenergies of the TB Hamiltonian as a function of
the superconducting phase difference φ . The magnetic field
is applied via the Peierls substitution.[74] With the Landau
gauge 𝐴 = (By,0,0), the hopping between site “1” coordi-
nates (x1,y1)a and site “2” coordinates (x2,y2)a will change

to t→ t e
−ie/h̄

∫ (x2 ,y2)
(x1 ,y1) 𝐴 · dl = t exp[iπ(x2−x1)

(y2+y1)
2

Ba2

φ0
]. No-

tably, a 4π Josephson effect is anticipated in the ideal case
with conserved fermion parity within a topological insulator-
based Josephson junction. However, quasiparticle poisoning
can induce fermion parity switches, leading to a 2π Josephson
effect,[20,75] and we consider this scenario in our analysis.

When the Fermi level falls within the bulk gap (indicated
by the blue line in Fig. 2(b)), only two edge states can facili-
tate Cooper pair tunneling. The mismatch in Fermi velocities
(vf) between the two edge states leads to differing coherence
lengths (ξ = h̄vf/2∆ ) for these states, ξu 6= ξd. Consequently,
the Andreev level originating from the top and bottom edges
differs, as shown in Fig. 3(a). The junction, therefore, behaves
effectively as two inequivalent Josephson junctions arranged
in a SQUID-like configuration. The associated edge junction
Andreev levels take the form[52,76,77]

E(φ) =±∆̃

√
1−T sin2

(
φ

2

)
, (4)

with T the transmission amplitude and T → 1 for TI edge
states.[77,78] ∆̃ represents the eigenenergies of the junction
at φ = 0, which captures the junction length L and coher-
ence length ξ and ∆̃ = ∆ in the short junction limit L/ξ →
0.[76] Due to time-reversal and particle-hole symmetries, the
Andreev level energies approach zero when the phase dif-
ference φ = π , which simplifies the spectrum to E(φ) =
±∆̃ |cos(φ/2)|. With the perfect Andreev reflection in TI-
based Josephson junctions,[78] the dependence of ∆̃ on the
junction length and coherence length is[79](

∆̃

∆

)(
L
ξ

)
= 2arccos

(
∆̃

∆

)
, (5)
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with ∆ the superconducting gap. The inset in Fig. 3(b) shows
the dependence of ∆̃ on the junction length. In the short junc-
tion limit, L/ξ → 0, ∆̃ approaches ∆ , and the Andreev lev-
els contributed by the two edges exhibit minimal differences.
Thus, to capture the inversion symmetry breaking (asymmetric
edge states), we anticipate the junction length to be small but
not close to zero. Then, the asymmetric edge states lead to dif-
ferent ∆̃ , expressed as ∆1(2). When an external magnetic field
B is applied to the junction with effective area S = w(d+2λ ),
with w,d,λ the junction width, length, and penetration depth.
The Josephson potential of the system, contributed by the two
asymmetric edges, can then be approximated as

V (φ ,φB) =−∆1

∣∣∣∣cos
(

φ1

2

)∣∣∣∣−∆2

∣∣∣∣cos
(

φ2

2

)∣∣∣∣ , (6)

where the two terms indicate the contributions of the two
edges. φ1(2) is the phase drop along the two edges. The phases
are related through the magnetic flux threading the junction,
φ2− φ1 = φB, where φB = 2πφe/φ0, φe = BS is the magnetic
flux, and φ0 = h/2e is the flux quantum. Note that asymmetric
edge states acquire distinct additional phases due to the exter-
nal magnetic flux, but these can be transformed into the form
given in Eq. (6) through variable substitution and therefore do
not affect the diode efficiency.

Upper boundary

B

∆
∆

∆

(a) (b)

(c) (d)

Fig. 3. (a) Andreev levels of the junction for L = 20a, with L/ξu(d) ≈
0.83,1.33 for the two edge states, the two colors correspond to two
edge states. The black dots at φ = 0 correspond to the black dots in
the inset in panel (b). (b) Diode efficiency changes with magnetic flux;
the inset shows the Eigenenergies at φ = 0 (∆̃/∆ ) change with junction
length. (c) Diode efficiency as a function of the upper edge configuration
while fixing the lower boundary atoms TeB, at a constant magnetic flux
Ba2/Φ0 ≈ 1.11∗10−3 (the maximal η in panel (b)). The inset shows the
diode efficiency as a function of the upper edge configuration while fixing
the lower boundary atoms WA,WB,TeA. The lines’ color corresponds to
distinct lower boundary atoms, the colored regions indicate different up-
per boundary atom configurations, with colors matching Fig. 1. (d) Diode
efficiency changes with asymmetric r and magnetic flux φB with the toy
potential Eq. (6).

Then, based on the TB Hamiltonian, we calculated the
zero-temperature Josephson potential V (φ) at different mag-
netic fields and further calculated the Josephson current I(φ)=

2e
h̄

∂V (φ)
∂φ

. The positive (negative) critical current, Ic+(−), corre-
sponds to the maximum (minimum) value of the Josephson
current. Finally, the diode efficiency η = (Ic+−|Ic−|)/(Ic++

|Ic−|) is calculated and plotted as a function of magnetic field,
as shown in Fig. 3(b). The JDE disappears with η = 0 at a
certain magnetic field Ba2/φ0 ≈ 1.28 ∗ 10−3 (corresponding
to π flux in the junction) and exhibits odd symmetry around
this point. These properties can be verified with the toy poten-
tial Eq. (6). At φB = π , the Josephson potential preserves the
symmetry V (φ) = V (π − φ), resulting in the absence of the
JDE. Moreover, the Josephson potentials at φB = 2π−φ ′B and
φB =−φ ′B are equivalent up to a phase shift φ → φ −π . This
transformation effectively reverses the magnetic flux direction,
leading to opposite interference conditions between the two
edge states and consequently reversing the critical currents
and the diode efficiency. Notably, the asymmetric edge states
break inversion symmetry in 1T′-WTe2-based Josephson junc-
tions and thereby give rise to the JDE. We subsequently ana-
lyze the diode efficiency as a function of different edge config-
urations while fixing the magnetic field at the maximal diode
efficiency point in Fig. 3(b). We keep the lower boundary in
the TeB atomic configuration and vary the configuration of the
upper boundary. The resulting diode efficiency is shown in
Fig. 3(c). Clearly, no JDE appears when the two edges are
related by inversion symmetry (additional configurations are
presented in the inset of Fig. 3(c)), e.g., WA and WB edges,
TeA and TeB edges. Additionally, the JDE polarity reverses if
the mismatch in Fermi velocity between the two edges is re-
versed (depicted by the red and yellow lines in Fig. 3(c)).[49,80]

Utilizing the toy potential Eq. (6) and defining the asym-
metric parameter r ≡ (∆1−∆2)/(∆1 +∆2), we calculate the
phase diagram of diode efficiency as a function of r and mag-
netic flux φB, illustrated in Fig. 2(d). The diode efficiency is
clearly an odd function of both r and φB around r = 0 and
φB = π , consistent with the numerical results. Note that the
Josephson potential form in Eq. (6) cannot accurately describe
the Josephson potential when the junction violates the short
junction limit, L/ξ � 1; more results are shown in Appendix
C. The maximal diode efficiency is limited to about 30%, con-
sistent with similar devices with asymmetric edge states.[80]

Having established the JDE in the 1T′-WTe2 edge inter-
ferometer, we now show how to enhance the diode efficiency
further. When the chemical potential is situated in the gap
(µ . µc), the Josephson potential is primarily dominated by
edge states. However, as the chemical potential is adjusted
into the bulk states (Fig. 2(b)), which can be achieved with
a gate voltage in experiment,[81] contributions from both edge
and bulk states significantly impact the potential. The Andreev
levels of the system, when the chemical potential is within
the bulk states without a magnetic field, are numerically cal-
culated and depicted in Fig. 4(a), clearly illustrating the bulk
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state’s contribution to the Josephson potential.
Then, we compute the Josephson potential as a function

of magnetic field and extract the positive and negative critical
currents to obtain the diode efficiency. The resulting η traces
for different chemical potentials are shown in Fig. 4(b). As
the chemical potential varies (shown in Fig. 2(b)), the edge-
state decay length — set by the chemical potential and the bulk
gap — increases, causing the edge modes to penetrate deeper
into the sample. Consequently, the effective area enclosed by
the edge trajectories becomes explicitly chemical-potential de-
pendent, and the magnetic field at which the diode efficiency
vanishes (η = 0) shifts accordingly, as shown by the blue and
yellow lines in Fig. 4(b). However, it remains an odd func-
tion of the magnetic field around η = 0 when the chemical
potential is in the gap, µ . µc. As the Fermi surface is fur-
ther regulated to the bulk states, the diode efficiency loses its
odd symmetry for specific magnetic fields due to bulk-state
contributions to the Josephson potential (Fig. 4(b)). The max-
imum efficiency of the diode can reach 53% and subsequently
decreases with increasing chemical potential (Fig. 4(c)). No-
tably, adjusting the chemical potential simultaneously modu-
lates both the edge-state Fermi-velocity mismatch (Fig. 2(a))
and the count of transport channels and their Fermi velocities
of bulk transport channels. In addition, as the chemical poten-
tial approaches the bottom of the conducting band, the junc-
tion no longer conforms to the short junction limit due to low
Fermi velocities of the edge and bulk states. In this regime, the
Josephson potential should be expressed in a Fourier series as

V ′(φ ,φB) = ∑
n

E(n)
Jα

(φB)cos(nφ)+E(n)
Jβ

(φB)sin(nφ), (7)

where E(n)
Jα(β )

are the coefficients of the cosine and sine terms,
respectively, and n labels the Fourier order. Note that the
sinnφ components arise predominantly from the asymmetric
edges. Using the computed Josephson potential, we extract
these coefficients as functions of magnetic flux for µ = 0.06
(indicating low diode efficiency with chemical potential in
the bulk gap) and µ = 0.14 (achieving maximal diode effi-
ciency with chemical potential in the bulk states), as shown
in Fig. 4(d). The coefficients exhibit periodic variations with
magnetic flux when the chemical potential is within the bulk
gap (the dashed lines in Fig. 4(d)), consistent with the pe-
riodicity of the diode efficiency in Fig. 4(b) and Fig. 3(b).
By contrast, this periodicity is lost due to bulk-state contribu-
tions when the chemical potential is tuned into the bulk states.
Moreover, Fig. 4(d) shows a clear enhancement of both E(n)

Jα

and E(n)
Jβ

, attributed to bulk transport channels and increased
edge asymmetry, which together are responsible for the large
diode efficiency. Notably, the bulk contribution depends not
only on the chemical potential but also on the junction width
(w), whereas the edge-induced asymmetry is largely width-

independent. Consequently, the chemical potential that max-
imizes the diode efficiency depends on w rather than being
universal. Finally, the enhancement of diode performance via
bulk participation in the presence of substantial edge asymme-
try is a robust and generic feature, as corroborated by the toy
model in Appendix D.

(a) (b)

(c) (d)

∆

∆

µ
c

µ [eV]

Fig. 4. (a) Andreev levels of the junction with a chemical potential in the
bulk and slightly larger than µc, µ = 0.13. (b) Diode efficiency changes
with magnetic flux at different chemical potentials, changing from the
gap (µ < µc) to the bulk state (µ > µc). (c) The maximal diode efficiency
changes with chemical potential, extracted from (b), µc is the position of
the bottom of the conduction band. (d) The Fourier coefficients as a func-
tion of magnetic flux with the chemical potential at µ = 0.06 (the dashed
lines) and µ = 0.14 (the solid lines); the upper panel shows the coefficient
of the cosine term; the lower panel shows the coefficient of the sine term.

However, the edges of the samples in experiments on 2D
monolayer materials may be irregular, i.e., they have cracks,
steps, or bumps.[82] Hence, such samples lose translational in-
variance along their boundaries, resulting in a variable Fermi
velocity mismatch between the two edges, which further in-
fluences the JDE within the system. Here, we model a rough
edge by the boundary following a random step δy appearing
at each site along an initially translationally invariant bound-
ary, where δy is randomly and uniformly distributed within the
range of [−δ p,δ p] and exhibits a zero mean, and the param-
eter δ p characterizes the degree of boundary irregularity. In
our numerical calculation, we take δ p = 0.4by with by the unit
length along y direction. Figure 5(a) illustrates an irregular
system, which permits the addition or removal of up to one site
along the boundary. This value suffices for experimentation as
an atomically flat interface can be realized[44,49] and the short
junction length (on the order of nanometers). With the rough
edge system, we calculate the variations in Josephson diode
efficiency with magnetic flux when the Fermi level is situated
within the bulk gap and bulk states, as depicted in Fig. 5(b).
The rough edge exerts minimal impact on diode efficiency
when the Fermi level resides in the bulk gap. However, it sig-
nificantly influences the performance when the Fermi level is
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positioned at the bottom of the conduction band due to the low
Fermi velocities of edge and bulk states. Nonetheless, a high
diode efficiency is maintained when the Fermi level is in the
bulk gap.

(a) (b)

Fig. 5. (a) Geometries of the system with rough edges, corresponding to
adding or removing two sites along the boundary randomly. (b) The diode
efficiency as a function of magnetic flux with the rough edges shown in
panel (a).

4. Discussion and summary

In this study, we have systematically investigated the
Josephson diode effect in a junction based on monolayer 1T′-
WTe2. Our central results demonstrate that the intrinsic asym-
metric edge terminations of WTe2 nanoribbons provide a pow-
erful resource for engineering a JDE. While the effect driven
by topological edge states alone is significant, we have un-
covered a crucial mechanism to further enhance the diode ef-
ficiency: tuning the chemical potential to allow for the par-
ticipation of bulk states. This interplay boosts the maximum
efficiency to more than 50%, a highly competitive value.

While the TB model in the main text captures the essen-
tial physics and is widely used for 1T′-WTe2,[69–71] it has been
shown that a more detailed model including additional spin–
orbit coupling terms might be needed for a precise quantita-
tive comparison with experiments.[83] Nevertheless, the core
mechanism — the existence of inequivalent edge states — is
a robust feature of WTe2, and we expect our main conclusions
to hold. Excitingly, with recent experimental advances in re-
alizing gate-induced superconductivity in WTe2 flakes,[81] our
proposed device could potentially be implemented in an all-in-
one material platform using local gating techniques, avoiding
complex fabrication of hybrid structures.

In conclusion, our work establishes a novel route to-
ward achieving a highly efficient and robust JDE. The gate-
controlled technology can enhance the diode efficiency in an
experiment. The principle of enhancing diode efficiency by
admixing bulk transport channels is general and could be ap-
plied to other topological materials with asymmetric edge
states,[20] such as Ta2Pd3Te5

[49] and MnBi2Te4.[41,42] These
findings are not only of fundamental interest but also pave
the way for the development of next-generation dissipation-
less quantum electronics.

Appendix A: Numerical calculation
For the numerical calculations, we construct the tight-

binding models using the “KWANT” program[84] with the
Hamiltonian in Eq. (1) to obtain the band structure with differ-
ent edge terminations. For band structures along the x direc-
tion, the system is constructed with periodic conditions along
the x direction, open boundary conditions along the y direc-
tion, with the transverse coordinate spanning y ∈ [−W,W ].
For the band structures along the y direction, the system is
constructed with periodic conditions along the y direction
and open boundary conditions along the x direction, with the
length range x ∈ [−L,L]. To gain different terminal configu-
rations, the length or the width is fine-tuned within the corre-
sponding ranges. For the numerical calculation of Josephson
junction, we construct the tight-binding models by “KWANT”
program[84] with the BdG Hamiltonian in Eq. (3). The junc-
tion length is d = 20a, width is w = 22a, and the coher-
ent lengths for the two edge states are ξu(d) = 15a,25a in
Fig. 3(a). The Andreev levels are obtained by calculating the
eigenenergies of the TB Hamiltonian as a function of phase
difference φ , and the zero temperature free energy (also the
Josephson potential V (φ)) is obtained by summing all negative
eigenenergies. With the Josephson potential, we can get the
current-phase relation, I(φ) = 2e

h̄
∂V (φ)

∂φ
. The critical currents

are the maximal and minimal currents in the current-phase re-
lation. The perpendicular magnetic field is applied via Perierls
substitution.[74] With the Landau gauge 𝐴 = (By,0,0), the
hopping between site “1” coordinates (x1,y1)a and site “2”

coordinates (x2,y2)a will change to t→ t e
−ie/h̄

∫ (x2 ,y2)
(x1 ,y1) 𝐴 ·dl =

t exp[iπ(x2− x1)
(y2+y1)

2
Ba2

φ0
].

Appendix B: Band structure of WTe2

Here, we demonstrate the band structure of the WTe2 slab
along the x-direction. There are a possible 4×4 = 16 config-
urations of the slab along the x-direction in total. However,
due to the inversion symmetry of the unit cell, there are only
ten unique configurations. The redundancies can be noted
as follows [WA,WA] = [WB,WB], [WA,TeA] = [TeB,WB],
[WA,TeB] = [TeA,WB], [TeA,WA] = [WB,TeB], [TeA,TeA] =

[TeB,TeB], [WB,TeA] = [TeB,WA]. The complete band struc-
ture for all 16 terminal configurations is depicted in Fig. B1,
where equivalent cases are clearly identified.

With the periodic boundary condition in the y direction,
the band structures are shown in Fig. B2. There are possi-
ble 2× 2 = 4 configurations of the slab along the y-direction
in total. However, due to the inversion symmetry of the unit
cell and the mirror symmetry My of the slab along the y direc-
tion, all the band structures are equivalent. Figure B2 shows
the band structures with terminations [(WTe)A,(WTe)A] and
[(WTe)A,(WTe)B], displaying identical characteristics.
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(a)I (a)II (a)III (a)IV

(b)I (b)II (b)III (b)IV

(c)I (c)II (c)III (d)IV

(d)I (d)II (d)III (d)IV

Fig. B1. With periodic condition in x direction and width W = 11. Band structures of all 16 terminal configurations. The inset shows the
configuration of the terminations.

(a) (b)

E E

[e
V
]

[e
V
]

Fig. B2. Band structure with the periodic condition in the y-direction,
open boundary condition in the x-direction with the length of L =
15, with terminations [(WTe)A,(WTe)A] (a) and [(WTe)A,(WTe)B] (b).
Insets show the structure for the terminations [(WTe)A,(WTe)A] and
[(WTe)A,(WTe)B], the two edges of the termination [(WTe)A,(WTe)A]
are related by the Mx symmetry (the dashed green line).

Appendix C: Diode efficiency changes with mag-
netic flux with the chemical potential in the gap

Here, we present additional results on diode efficiency
as a function of magnetic flux, with the chemical potential

located within the gap. Adjusting the chemical potential al-
ters the mismatch in the Fermi velocity of the edge states,
consequently modifying the coherence length of these states.
When the junction exceeds the short junction limit L/ξ � 1,
the Josephson potential cannot be accurately approximated
using the form in Eq. (6). Instead, it can be represented by
the Fourier series in Eq. (7). Figure C1(a) illustrates the band
structure alongside the chemical potential configuration where
the junction length L notably exceeds the coherence length ξ .

(a) (b)

E

Fig. C1. Diode efficiency as a function of magnetic flux with the chemical
potential in the gap. (a) The band structure and (b) the diode efficiency as
a function of magnetic flux with different chemical potentials in Panel (a).
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Figure C1(b) depicts the diode efficiency as a function of mag-
netic flux with the chemical potential marked in panel (a). The
maximum diode efficiency reaches approximately 30%.[23,36]

Appendix D: Diode effect with toy Josephson po-
tential

In the 2DTI-based Josephson junction, the asymmetric
edges and magnetic flux play a crucial role in generating the
JDE, with diode efficiency primarily constrained by the asym-
metry of the edges alone. However, when Josephson currents
contributed by bulk states are considered, diode efficiency can
be significantly enhanced. To further establish the universal-
ity of this conclusion, we consider the ideal scenario in which
the junction adheres to the short junction limit for edge states,
and bulk states conform to the Fraunhofer diffraction pattern
averaged over magnetic flux. This scenario differs from that
considered in the main text, where the short-junction limit is
violated and only a few bulk channels participate. The toy
model for the Josephson potential can then be written as

V ′(φ ,φB) = −∆1

∣∣∣∣cos
(

φ1

2

)∣∣∣∣−∆2

∣∣∣∣cos
(

φ2

2

)∣∣∣∣
−Eb cosφ

sin(k3φB)

(k3φB)
, (D1)

where Eb > 0 is the amplitude of the Josephson potential
contributed by bulk states, and can be tuned by the chem-
ical potential. φ1(2) = φ + k1(2)φB/2 and k1,2,3 characterize
the phases of the edge states and bulk states due to magnetic
flux. Because asymmetric edges with different Fermi veloc-
ities have different decay lengths and critical Josephson cur-
rents, the Josephson potentials contributed by the two edges
acquire different additional phases in the presence of mag-
netic flux (k1 6= k2). Consequently, in the presence of bulk-
state contributions, the Josephson potential cannot in general
be reduced to the form of Eq. (6). Moreover, due to the fi-
nite decay length of the edge states, the area enclosed by the
edge trajectories is slightly smaller than the geometric junction
area. As a result, the magnetic flux enclosed by the junction
area does not exactly correspond to the phase differences ac-
cumulated by the two edge states, meaning that (k1 + k2)/2
is not strictly equal to k3. However, in experiments, we ex-
pect the junction width to be significantly larger than the de-
cay length of edge states. Therefore, we roughly approximate
k1 ≈ k2 ≈ k3 = 1 to explore the enhancement of diode effi-
ciency with bulk states. By fixing ∆1 and defining the asym-
metry parameter r ≡ (∆1 −∆2)/(∆1 +∆2), we calculate the
maximal diode efficiency as a function of r and Eb, shown in
Fig. D1. The results clearly demonstrate that the inclusion of
bulk-state contributions can significantly enhance the maximal
diode efficiency in the presence of strong edge asymmetry.

(a) (b)

∆ ∆

Fig. D1. The maximal diode efficiency changes with r and Eb with the
toy potential Eq. (D1) with k1 ≈ k2 ≈ k3 = 1. (a) and (b) are the results
with ∆1 = 0.85∆ ,0.95∆ , respectively.
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