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Higher-order topological insulators (HOTIs) represent a novel class of topological materials, characterised by the
emergence of topological boundary modes at dimensions two or more lower than those of bulk materials. Recent
experimental studies [1-4] have identified conducting channels at the hinges of HOTIs, although their topo-
logical nature remains unexplored. In this study, we investigated Shapiro steps in Al-WTe;-Al proximity
Josephson junctions (JJs) under microwave irradiation and examined the topological properties of the hinge

states in WTey. Specifically, we analysed the microwave frequency dependence of the absence of the first Shapiro
step in hinge-dominated JJs, which is consistent with a contribution from a 4n-periodic current-phase rela-
tionship characteristic of topological JJs. These findings encourage further research into topological supercon-
ductivity in superconducting hybrid devices based on HOTIs.

Three-dimensional (3D) higher-order topological insulators (HOTIs)
represent a novel class of topological materials [1-22], characterised by
topologically protected 1D conducting hinge states and topologically
trivial and gapped 2D surface and 3D bulk states. Among the distinctive
topological features of HOTIs, spin-momentum locking has garnered
considerable attention across diverse fields, including condensed matter
physics [1-24], photonics [25-29], and electrical circuit design [30].
Specifically, in condensed matter physics, the hinge states of HOTIs are
under investigation for potential applications in spintronic devices [3,
12,21] and superconducting Josephson diodes [22]. More recently,
theoretical studies have extended higher-order topology to 2D plat-
forms, including magnetic systems and Floquet-driven settings, where
tunable topological phase transitions provide routes to quantum
anomalous Hall phases and motivate orbitronic and spintronic device
concepts [31-34]. Topological superconductivity is theorised to origi-
nate from interactions between hinge states and s-wave superconduc-
tors, as proposed in the context of topological materials [35-37],
quantum spin Hall systems [38], and semiconductors [39,40]. However,
experimental observations of HOTIs are complicated by the effects of

topologically trivial surface and bulk states [1-4,7,8,12-16], which
hinder interpretation and limit direct evidence. Nevertheless, numerous
investigations into HOTIs and their properties, including studies on
pre-patterned Josephson junctions (JJs) with tungsten ditelluride
(WTejy) [7-10], switching current distributions in bismuth [4] and WTey
[8], and spin transport in Cd3Asy [12], are underway.

Recent theoretical studies report that WTey, initially identified as a
type-II Weyl semimetal [41], may also exhibit features characteristic of a
HOTI [6]. Specifically, a higher-order topological phase can emerge
when two adjacent Weyl points merge in momentum space, opening a
surface state gap within a crystal structure that preserves mirror sym-
metry [6]. In the monolayer limit of WTe,, 1D topological edge states,
characteristic of a quantum spin Hall insulator, have been observed in
transport measurements [42-44]. Similarly, in the multilayer limit of
WTe,, previous studies have demonstrated the presence of conducting
states at the hinges of WTe; crystals by analysing the magnetic field
interference pattern of the Josephson critical current in WTey-based JJs
and providing a spatial distribution of the Josephson current density [2,
7-9]. This technique has proven to be a powerful tool for investigating

* Corresponding author. Department of Physics, POSTECH, Pohang, Republic of Korea.

E-mail address: lghman@postech.ac.kr (G.-H. Lee).
! These authors contributed equally.

https://doi.org/10.1016/j.cap.2026.03.005

Received 11 December 2025; Received in revised form 5 March 2026; Accepted 8 March 2026

Available online 12 March 2026

1567-1739/© 2026 The Authors. Published by Elsevier B.V. on behalf of Korean Physical Society. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://orcid.org/0000-0002-7619-8979
https://orcid.org/0000-0002-7619-8979
mailto:lghman@postech.ac.kr
www.sciencedirect.com/science/journal/15671739
https://www.elsevier.com/locate/cap
https://doi.org/10.1016/j.cap.2026.03.005
https://doi.org/10.1016/j.cap.2026.03.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cap.2026.03.005&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y.-B. Choi et al.

surface or hinge states, even in the presence of dominant bulk conduc-
tion. Furthermore, scanning tunnelling microscopy-based studies have
provided evidence of hinge states at the step edges of WTe; crystals [45],
as well as bismuth crystals and their alloys [1,14-16,19,20]. However,
the topological nature of such hinge states is yet to be conclusively
verified.

JJs offer a valuable platform for investigating the topological prop-
erties of hinge states. Specifically, when two s-wave superconducting
leads are coupled by topologically protected conduction channels, the
Andreev bound state (ABS) and the corresponding current phase rela-
tionship (CPR), Is = (2e /h) dEaps/dy, exhibit 4z periodicity, unlike the
27 periodicity observed in topologically trivial JJs [35-40,46-49]. In the
above equation, # = h/2n represents the reduced Planck constant, e
denotes the electron charge, ¢ represents the macroscopic quantum
phase difference between two superconductors, and Exps denotes the
energy of the ABS. The 4n-periodic ABS, linked to the fractional
Josephson effect, results from the parity conservation of Majorana zero
modes [35-40,46-56] (Fig. 1a). This phenomenon is experimentally
observed through Shapiro step measurements under microwave irradi-
ation. For non-topological JJs with a 2rn-periodic ABS, Shapiro steps
appear at bias voltages equivalent to integer multiples of Vo = hf/ 2e,
where f denotes the microwave frequency. Conversely, for topological
JJs with a 4n-periodic ABS, Shapiro steps occur at bias voltages equiv-
alent to even multiples of Vy, resulting in the absence of all odd-order
Shapiro steps in the case of purely 4n-periodic CPR (Fig. 1b). Experi-
mentally, the disappearance of the first Shapiro step has been observed
in JJs fabricated from various topological materials, including strong
spin-orbit-coupled semiconducting nanowires [50], 2D HgTe quantum
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wells [51], 3D topological insulators [52-55], and Dirac semimetals
[56]. Possible non-topological mechanisms [57-62] that may also lead
to missing Shapiro steps will be discussed later in the manuscript.

In this study, we explored the topological nature of hinge states in
multilayer WTe; by analysing Shapiro steps in WTey-based JJs.
Aluminium superconducting leads were coupled to multilayer WTe,
flakes in two electrode configurations: a bJJ and an hJJ, as depicted in
Fig. 1c—e. To specifically investigate the topological hinge state, we
fabricated JJs aligned along the a-axis of the crystals, where hinge states
are theoretically and experimentally known to remain spatially well-
localized at the crystal hinges [2]. These configurations allow a
comparative investigation of Shapiro steps, highlighting variations in
the hinge-to-bulk contribution ratio. The first Shapiro step is missing in
the hJJ but not in the bJJ, suggesting a possible topological contribution
of the hinge states in multilayer WTe,. The dependence of this first
Shapiro step missing in the hJJ on microwave power and frequency is
consistent with the predictions of the resistively and capacitively
shunted junction (RCSJ) model including a 4n-periodic contribution.
Furthermore, the magnitude of the 4x-periodic Josephson current,
estimated from Shapiro step measurements, is comparable to the
Josephson current flowing through the hinge states. This current is
derived from the edge-enhancement of the Josephson current density, as
determined from magnetic interference patterns [2]. These observations
are consistent with a scenario in which hinge states host a significant
topological contribution, and they motivate further exploration of
Majorana physics in layered topological materials.

The JJs were fabricated using a 13-nm-thick multilayer WTe; crystal,
with the Josephson current flowing along the a-axis of the crystal. The
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Fig. 1. Schematic and experimental representations of HOTIs and JJs. a, Energy spectra of the ABSs, Eags, as a function of the macroscopic quantum phase difference,
¢, between two superconductors. Here, A represents the superconducting gap. Gapless 4n-periodic ABSs (red solid and dashed lines) and gapped 2n-periodic ABSs
(blue solid lines) are illustrated. b, Numerically derived current-voltage characteristics depicting Shapiro steps under microwave irradiation for purely 2z- and
purely 4n-periodic ABSs. The voltage is normalised by Vy = hf/2e, where h denotes Planck constant, f represents the microwave frequency, and e denotes the electron
charge. ¢, Schematic of a JJ based on a HOTI. Spin-up (yellow) and spin-down (blue) electrons travel in opposite directions along the topological hinge state (red
lines), which is in contact with superconducting (S) electrodes (green). W, L, and t denote the junction width, junction length, and thickness of the JJ, respectively. d,
False-colour scanning electron micrograph of the device. Bulk-dominant JJs (bJJ) and hinge-dominant JJs (hJJ) are indicated by blue and red arrows, respectively. e,
f, Schematic side views of bJJ and hJJ, respectively. Grey regions represent WTe, flakes, while red regions indicate hinge states. Filled (solid) and empty (void) red
circles depict hinge states coupled and decoupled with aluminium superconducting electrodes, respectively. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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junction widths of the bJJ and hJJ were 5.8 pm and 0.65 pm, respec-
tively (Fig. 2a and d). Both these JJs had the same channel length of L =
0.2 pm. The critical current (I.) and normal-state resistance (Ry) were
2.73 pA and 4.40 Q for the bJJ and 0.53 pA and 25.7 Q for the hJJ,
respectively. Despite the differences in junction geometry between the
bJJ and hJJ, the Josephson coupling strengths, represented by I.Ry
products, were similar for both: 12.0 pV for the bJJ and 13.6 pV for the
hJJ, as summarised in Table S1 in Supplementary Section S2. The
aluminium (Al) superconducting gap was estimated as Ay} = 0.12 meV,
based on the relation Ay = 1.763-kgTc a1 and a critical temperature of
T.a = 0.75K. To confirm the presence of hinge states in the WTey
crystal, we analysed the magnetic field interference behaviour of I, as
reported in our previous study [2] (see Fig. S1). Next, we performed
Shapiro step measurements by recording the I-V characteristics at 20
mK while irradiating the JJ devices with microwaves. The JJs exhibited
small hysteresis in their I-V characteristics: I. /I, ~ 1.03 for the bJJ and
1.14 for the hJJ. This indicates that the junctions are marginally
underdamped, with an estimated McCumber parameter 8 = 2el.R4C/ h
from the RCSJ model of 1.1 for the bJJ and 1.6 for the hJJ (see Fig. S2).
Here, Ry and C denote normal-state resistance and capacitance,
respectively.

The measured Shapiro steps in the bJJ, which has a significant bulk
contribution (Fig. 2a), resemble the ordinary Shapiro steps observed in
conventional 2x-periodic JJs. Fig. 2b illustrates the I-V characteristics
of the bJJ under microwave irradiation at different nominal values of I,..
The value of I, was estimated from the microwave power (P) at the
microwave source output using the relation I,. = 10[P/(20dBm)]  Ag
depicted in the figure, Shapiro steps gradually appear in the I-V char-
acteristics with increasing I,.. In the upper panel of Fig. 2¢, colours
represent the step width (I;), normalised by I.. All integer multiples of V,
(i.e., voltage steps V, = nV, for integer n) are highlighted in yellow.
Notably, the first step (Vp—1), indicated by the red arrow, remains
prominent across all frequencies (see Fig. S3), resembling the behaviour
of ordinary Shapiro steps. The lower panel of Fig. 2¢ presents horizontal
line cuts from the upper panel atn = 0,1, and 2, marked by dashed lines.
These cuts illustrate the evolution of the step width with I,.. The am-
plitudes of the first and second steps evolve continuously, following
Bessel function behaviour. Furthermore, the first lobe of the n = 1 step
peaks at a lower I, than that of the n = 2 step. Moreover, the ratio of w;
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to wy (Qi2 = w1 /wz) is 1.04, which is greater than one. Here, w; and w;
denote the amplitude maxima of the first lobes of the voltage stepsn = 1
and n = 2, respectively. Overall, the bJJ exhibits ordinary Shapiro steps
consistent with bulk-dominant transport; this does not exclude possible
hinge contributions, which may be effectively masked by the bulk/
surface supercurrent.

In the hJJ (Fig. 2d), which has a larger hinge-to-bulk contribution
ratio than the bJJ, the first Shapiro step is entirely absent as shown in
Fig. 2e. Similar results were observed from two additional devices (see
Fig. S4). For comparison, representative Shapiro step measurements
from b-axis junctions and related discussion are provided in Supple-
mentary Section S6 (Figs. S5-59). In the upper panel of Fig. 2f, the re-
gion near V/Vy, = 1, marked by the red arrow, appears dark blue,
suggesting that I is close to zero. The lower panel of Fig. 2f illustrates
that the I of the first step remains nearly zero until I, approaches 0.43,
where the second lobe of the n =1 step begins to emerge. Conversely,
the I of the second step evolves continuously from a lower I,.. Quan-
titative analysis reveals that w; ~ 0.004 and w, ~ 0.07, yielding Qi3 =
0.057, a value considerably smaller than one. In this measurement,
wyxI. ~2nA is comparable to the minimum current step (2 nA).
Additional frequency dependencies of the Shapiro steps from other hJJs
are provided in Supplementary Section S7 (Figs. S10-S15).

We investigated the dependence of Shapiro steps on microwave
frequency in the hJJ and compared the results with the outcomes of
numerical calculations. Fig. 3 presents experimentally measured Sha-
piro steps alongside those derived from numerical calculations based on
the RCSJ model, using the CPR of I;(¢) = I, sin(¢ /2) + I, sin(¢). Here,
I; represents the Josephson current, and Iy, and I4, denote the 2x- and
4n-periodic Josephson currents, respectively. The numerical calcula-
tions were performed using f = 1.6, estimated from the I-V charac-
teristics of the hJJ, and @ = 0.20, which best matches the experimental
data (see Fig. S16 for numerical results at different ). Here, a = I4, /I,
represents the ratio of the 4n-periodic Josephson current to the 2n-pe-
riodic one. In Fig. 3a, the first lobe of the n = 1 step is entirely absent. As
f increases, the first Shapiro step becomes faintly visible. At f = 1.2 GHz
(Fig. 3b), the first Shapiro step, indicated by the white arrow, faintly
appears near the n = 0 step. As f increases further, the Shapiro steps
evolve into a standard form, displaying all integer steps. This behaviour
is consistent with theoretical predictions [46-48] (Fig. 3e-h) and

d f
hinge-dominant JJ
& T 4
> furfoe o :
e = o
a g o
e 1
f=0.95 GHz 2
8 T T T 3
B h016 4 4
— [,=032
4 Vi 014 T T
e i1 =
% 0 — =1
= 2 'Q: 0.07 | e
4
8
8 AR 0
07 -035 0 035 07 0 013 026 039 052 065
I (nA) 1., (arb. units)

Fig. 2. Shapiro steps in bJJ and hJJ. a, d, Schematic representations of (a) a bJJ and (d) an hJJ. Topological hinge states (red solid lines) are connected to aluminium
superconducting electrodes (green). W, L, and t represent the junction width, junction length, and thickness of the JJ, respectively. b, e, Current (I)-voltage (V)
characteristics of (b) the bJJ with a microwave frequency f ~ 0.95 GHz and (e) the hJJ with f ~ 0.95 GHz at different nominal microwave alternating current (ac)
amplitudes (I ). I-V measurements were performed by sweeping the bias current from negative to positive with constant current steps. The I, values correspond to
symbols in (¢) and (f): square (blue) and circle (red). ¢, f, (Upper panels) Shapiro steps as a function of I, and normalised voltage (V /V;) for the bJJ (¢) and hJJ (f).
Here, Vo = hf/2e, where h denotes Planck's constant, and e is the electron charge. The colour map represents the width of the current step (I;) at a given normalised
voltage step (AV/V, = 0.25), normalised by the critical current (I.). The normalised voltage V/V, = 1 is indicated by a red arrow. (Lower panels) Horizontal line cuts
of (c) and (f) at V/V, = 0 (blue), V/V, = 1 (red), and V/V,, = 2 (orange). w; and w, represent the maximum I /I. values for the first lobesof V/ Vo =1and V/ Vo, =2
steps, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Frequency dependence of Shapiro steps in the hJJ. a-d, Shapiro steps measured in the hJJ as a function of I, and bias current I at different microwave
frequencies : (a) f = 1.0 GHz, (b) f = 1.2 GHz, (c) f = 1.6 GHz, and (d) f = 2.0 GHz. Colours indicate the differential resistance. e-~h, Numerically calculated Shapiro
steps for f = 1.6 and a = 0.20 as functions of i, and bias current (ig.) at different dimensionless frequencies (£2 = hf/2el.Rx): (e) 2 = 0.15, (f) 2 = 0.20, (g) 2 =
0.25, and (h) 2 = 0.30. Here, a denotes the ratio of the 4n-periodic Josephson current to the 2z-periodic Josephson current, and j = 2el.R%C/h represents the
McCumber parameter . v4. denotes the dc voltage applied across the junction normalised by I.R, and i, and iy represent the normalised ac and dc current,

respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

experimental findings from previous studies [50-56] (see Fig. S17 for
Shapiro steps as a function of I, and V/Vp).

The experimental results show broader boundaries between adjacent
steps compared to the numerical calculations. This discrepancy is likely
attributed to Joule heating, arising from both the dc and microwave
radiation introduced through the antenna. The resulting increase in
electron temperature alters the phase dynamics of particles in the JJs.
Consequently, the slopes of the plateaux where Shapiro steps occur
become less distinct, and the sharp voltage transitions between steps
appear smoother. To mitigate the effects of Joule heating, we focus on
the ratio between the first lobes of then = 1 and n = 2 steps, represented
by Qi2, which is evaluated under conditions of low dc and ac values.
Notably, this low-current regime underscores the significant influence of
the 4n-periodic CPR on Shapiro steps, as supported by previous studies

[49]. The missing of higher-order odd Shapiro steps (e.g., n > 3) be-
comes increasingly difficult to observe due to finite 2r-periodic
component in CPR (see Supplementary Section S10).

Fig. 4a and b display the experimentally measured Q;, values as
functions of £ for the bJJ and hJJ, respectively, alongside the numeri-
cally calculated values at various a. Both experimental and numerical
results extend down to 2 ~ 0.05 (corresponding to f ~ 0.3 GHz), below
which the Shapiro step voltage Vy < 0.6 pV becomes too small to be
measured experimentally. As 2 decreases, Q5 approaches zero for a # 0
or approaches a non-zero value of approximately 0.7 for # = 1.1 and 0.5
for p = 1.6 when a = 0. Moreover, Q;, tends to decrease as a or f in-
creases for a given £ (see Fig. S18). At higher frequencies (£2 > 0.3), the
experimentally measured Q; is consistently larger than the numerical
values in both the bJJ and hJJ, indicating additional effects beyond the
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Fig. 4. Microwave frequency dependence of Q;,. Microwave frequency dependence of Q;» as a function of the dimensionless frequency for (a) # = 1.1 and (b) g =
1.6. Here, a denotes the ratio of the 4x-periodic Josephson current to the 2r-periodic current, 8 = 2el.R%C/h represents the McCumber parameter, Q12 = wi/ wa,
and Q2 = hf/2el.Ry represents the dimensionless frequency. The solid lines represent the numerically calculated Qi2, while the solid lines with circles indicate
experimental results. The grey area marks the frequency range that cannot be measured experimentally. The green dashed box highlights the zoomed-in region shown
in the inset. Inset: Enlarged view of the region from £ = 0 to 2 = 0.25. The red dashed line in the inset corresponds to £2 = 0.075. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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minimal RCSJ model, such as electron heating and high-frequency cir-
cuit dynamics. The Joule heating power (P) is proportional to n? (P
V.2xn?f?) at the n-th Shapiro step; hence, wy, measured at the n = 2
step, is more affected by elevated electron temperature than wi,
measured at n = 1. This results in an overestimation of Q;», which
would otherwise diminish at lower f. The value of 2 below which Q;»
vanishes is used as a proxy for estimating @, following the approach of
previous studies [49,52]. For the hJJ, this yields apy; = 0.2, which
corresponds to Iy, = 93 nA. Similar @ = 0.10 — 0.25 values are ob-
tained for other hJJs (see Fig. S19). This I4, magnitude is consistent
with, and does not exceed, the edge-enhanced Josephson supercurrent
inferred from magnetic interference patterns extracted from the bJJ on
the same WTe; device (see Supplementary Section S1), supporting the
internal consistency of our interpretation. Since the inversion has
limited spatial resolution and may mix several edge or terrace channels,
this comparison should be regarded as an order-of-magnitude consis-
tency check rather than an independent determination of hinge super-
current. The Josephson current mediated by a single hinge state is
estimated as I;, = 15 nA, considering the short ballistic junction limit
IynRnn = mAp /e, where Ry, = h/e? denotes the normal-state resistance
for a single hinge state. The I, value derived from the Shapiro step
analysis likely originates from multiple hinge states located at the ter-
races of the WTe; crystal, which may have formed during mechanical
exfoliation. Assuming that each of the two crystal edges (upper and
lower) of the bJJ has an I, comparable to that of the hJJ, ap;; = 0.07
can be estimated for the bJJ. This indicates that the complete missing of
the first Shapiro step (Q:2 = 0) may also occur in the bJJ atf < 0.4 GHz.
However, at such low microwave frequencies, Vy becomes as small as
0.8 pV, making experimental measurement extremely challenging due
to thermal fluctuations caused by Joule heating and/or external elec-
trical noise. In addition, Joule heating near the steps may further
broaden the response and artificially increase Q2. Consequently, po-
tential topological hinge states in the bJJ are obscured by dominant
contributions from trivial conduction states.

Our next analysis focused on determining whether the complete
missing of the first Shapiro step in the hJJ originates from topologically
trivial mechanisms. The missing of the first Shapiro step can result from
topologically trivial factors [57-59,61,62] such as Landau-Zener tran-
sitions (LZT) or the underdamped nature of JJs. First, the LZT is a
non-adiabatic transition triggered by microwaves, which can create an
ABS bandgap near ¢ ~ z. The probability of the LZT [59,63] is defined

as Przr = exp ( - ﬂ%) , where D denotes the junction transparency,

and Vizr represents the junction voltage at ¢ = . Given the similar
Josephson coupling strengths of the bJJ and hJJ, D is also likely com-
parable [64]. Moreover, Shapiro steps for both junctions were measured
within a similar microwave frequency range. Therefore, it is unlikely
that LZT alone is responsible for the missing first step only in the hJJ,
although a contribution from highly transmitting modes cannot be
completely ruled out. Second, a recent study [62] suggested that
spurious inductance can induce phase dynamics leading to period
doubling and missing odd Shapiro steps. However, our experimental
configuration is fundamentally different, as our devices do not have an
external shunt resistor and inductor as depicted in Fig. S20. Therefore,
the specific inductive mechanism discussed in Ref. [62] is less directly
relevant in our case. A quantitative assessment would require a full ac
circuit characterisation and numerical simulations in a realistic equiv-
alent circuit, which are beyond the scope of this work (see Supple-
mentary Section S12). Finally, we evaluated the underdamped nature of
the JJs using our previous RCSJ model calculations [49]. At sufficiently
low Q, Q12 decreases with increasing 5, even when @ = 0. However, in
the absence of a 4n-periodic Josephson current, the complete missing of
the first Shapiro step (Q12 = 0) does not occur for # < 3. Given that § =
1.6 for the hJJ is considerably smaller than three, the first Shapiro step
missing observed in the hJJ is unlikely to be explained solely by the
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underdamped nature of the junction within our modelling. Taken
together, these considerations show that none of the known
non-topological mechanisms can be strictly ruled out by our present
data, but they face significant difficulties in reproducing the robust and
frequency-selective suppression of the first step only in the
hinge-dominated junctions. In contrast, a finite 4n-periodic contribution
within an extended RCSJ model captures these key features in a simple
and self-consistent way. We therefore regard the scenario with a
4n-periodic contribution as the most natural interpretation of our data,
while keeping in mind that non-topological origins cannot yet be
completely excluded.

In this study, we fabricated two types of WTey JJs: a bJJ and an hJJ,
with current flowing along the a-axis of the crystal. To investigate the
topological nature of the hinge states, we analysed the Shapiro step
behaviour of these junctions. Under microwave irradiation, the hJJ,
with reduced conduction contributions from topologically trivial surface
and bulk states, exhibits a missing first Shapiro step, which may be
associated with a fractional Josephson effect. In contrast, the bJJ ex-
hibits the first Shapiro step, which is attributed to the significant con-
duction contributions from topologically trivial states. We further
examined the microwave frequency and power dependencies of the
Shapiro steps and provided quantitative explanations using numerical
calculations based on the RCSJ model. Notably, the estimated value of
the 4n-periodic Josephson current in the hJJ is comparable in magnitude
to the edge-enhanced Josephson supercurrent attributed to hinge-like
channels, as inferred from magnetic field interference patterns. This
result is consistent with a topological contribution from the hinge states
in WTe,. Our findings suggest the topological nature of the hinge states;
however, non-topological mechanisms such as Landau-Zener transi-
tions, bias-dependent dissipation, or inductive phase dynamics cannot
yet be completely excluded. Further experiments, including Josephson
radiation [65-67] or bimodal switching current distribution [68], will
be essential to clarify the microscopic origin unambiguously.

1. Methods

Device fabrication. A multilayer WTe, crystal was mechanically
exfoliated onto a silicon substrate with a 280-nm-thick insulating layer
of SiO5. The crystal thickness was confirmed to be 13 nm using atomic
force microscopy (using an XE-7 from Park Systems). To remove any
contamination from the topmost layers of WTe, flakes, in situ argon ion
etching was conducted before metal deposition to eliminate WTe; sur-
face layers potentially oxidised in ambient air. Ti/Al/Au (5 nm/60 nm/
5 nm) electrodes were deposited through evaporation to facilitate the
study of superconducting transport. The Ti layer improved the adhesion
of the electrodes to WTe,, while the Au layer protected the aluminium
superconducting electrodes from oxidation. During evaporation, the
chamber pressure was maintained below 2 x 10~7 Torr. To minimise
degradation, the multilayer WTe; crystal was exposed to poly(methyl
methacrylate) polymer only once during the fabrication process.

Measurement and analysis. All electrical measurements were
performed in a dilution refrigerator at base temperatures of approxi-
mately 20 mK. A dc current bias was applied to the device, and the
resulting dc voltage was measured using a low-noise preamplifier
(ITHACO 1201) and recorded with a digital multimeter (Keithley 2000).
Each I-V measurement was repeated three times and ensemble-averaged
to reduce noise and enhance reliability. To analyse the Shapiro steps, the
measured voltage was converted into normalised step indicesn = V/Vj,
where V, = hf/2e. Due to thermal broadening and measurement noise,
a finite window of width 0.25 in n was defined around each integer step.
Within each such window (i.e., n40.125), the number of I-V data
points was counted and multiplied by the current resolution dI to esti-
mate the total current contribution I; associated with the step. The
resulting value was then normalised by the junction's critical current I,
to yield the dimensionless step width I;/I.
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