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The combination of superconductivity and surface states in Dirac semimetal can produce a 4π-periodic
supercurrent in a Josephson junction configuration, which can be revealed by the missing of odd Shapiro
steps (especially the n ¼ 1 step). However, the suppression of the n ¼ 1 step is also anticipated in the
high-power oscillatory regime of the ordinary 2π-periodic Josephson effect, which is irrelevant to the
4π-periodic supercurrent. Here, in order to identify the origin of the suppressed n ¼ 1 step, we perform
the measurements of radio frequency irradiation on Nb–Dirac semimetal Cd3As2 nanowire–Nb junctions
with continuous power dependence at various frequencies. Besides the n ¼ 1 step suppression, we uncover
a residual supercurrent of first node at the n ¼ 0 step, which provides a direct and predominant signature of
the 4π-periodic supercurrent. Furthermore, by tuning the gate voltage, we can modulate the surface and
bulk state contribution and the visibility of the n ¼ 1 step. Our results provide deep insights to explore the
topological superconductivity in Dirac semimetals.
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The topological surface state is predicted to host topo-
logical superconductivity when it is coupled to s-wave
superconductors [1]. Proximity-effect-induced unconven-
tional superconductivity in topological insulators has been
reported, e.g., Josephson supercurrent through the surface
state [2,3], zero bias conductance peak in the vortex center
[4,5], and missing odd Shapiro steps under radio frequency
(rf) irradiation [6,7]. With nontrivial Fermi-arc surface states
[8–11], Dirac semimetals have also been predicted to possess
both intrinsic and extrinsic (proximity effect-induced) topo-
logical superconductivity [12–15].Cd3As2, as a stable 3D
Dirac semimetal, has been identified to have unique bulk
Dirac cones and nontrivial topological surface states [14,
16–18]. Many exotic transport properties, such as ultrahigh
carrier mobility [19], chiral anomaly induced negative
magnetoresistance [20], the π-Aharonov-Bohm (A-B) effect
[21,22], and Weyl orbit related quantum oscillations [23,24],
have been demonstrated in Cd3As2. Unconventional super-
conductivity has also been observed in Cd3As2 through
specific experiments, including the point-contact technique,
high-pressure condition, etc. [25–27].
Similar to the topological insulators, helical surface

states in Cd3As2 can also give rise to topologically
protected gapless Andreev bound states through an s-wave
Josephson link [28–31], which produce 4π-periodic super-
current [6,7,32]. In the static case, 4π-periodic supercurrent

tends to restore 2π periodicity, as a result of various
relaxation processes [33,34]. The response in the gigahertz
regime, namely, the Shapiro steps, can provide sufficient
information within the lifetime of 4π- periodic modes [32].
For a pure 4π-periodic supercurrent, only even Shapiro
steps should be present. Experimentally, the suppression of
the n ¼ 1 step is usually more significant than other odd
steps, probably due to the finite capacitive effect or Joule
overheating [35,36]. Recently, missing of the n ¼ 1
Shapiro step has been observed in exfoliated Cd3As2 at
low frequency irradiation [37]. However, it is still difficult
to distinguish the 4π-periodic supercurrent because the
missing of the n ¼ 1 step can also be observed in the high-
power oscillatory regime of the conventional 2π Josephson
effect [6]. Moreover, for Dirac semimetals, the bulk
conduction is inevitable, and, therefore, the 2π-periodic
contribution should always exist and the 4π-periodic
supercurrent cannot make the odd steps completely dis-
appear. Consequently, tunable surface and bulk state
contribution and power-dependent measurements are
highly desirable to reveal the 4π-periodic supercurrent.
Here we employ Cd3As2 nanowire to reveal the surface-

related 4π-periodic supercurrent, taking advantage of its
large surface-to-volume ratio and easy gate modulation.
The irradiation frequency, rf power, and gate dependence of
the Shapiro steps in Nb − Cd3As2 nanowire–Nb Josephson
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junctions are systematically investigated. Besides the n ¼ 1
step suppression, we observe residual supercurrent at the
n ¼ 0 step, which provides a direct signature of 4π-periodic
contribution. For deep insight of this 4π-periodic super-
current, we study the gate dependence of the rf results.
By tuning the gate voltage to enhance the surface state
contribution, the odd (n ¼ 1) Shapiro step is further sup-
pressed, stabilizing its surface origin of the 4π-periodic
supercurrent.
The Cd3As2 nanowires were synthesized via the chemi-

cal vapor deposition method, which are of high-crystal
quality [20]. The nanowire has large surface-to-volume
ratio and demonstrates abundant surface-related transport
properties [21,22]. Synthesized Cd3As2 nanowires were
then transferred on silicon substrate with 285 nm-thick
SiO2 layer, which serves as a back gate to modulate the
carrier density. The selected nanowire diameter is ∼90 nm.
After an Ar etching process to remove the oxidized layer,
Nb=Pd contacts were deposited by magnetron sputtering.
A schematic of the Josephson junction is displayed in
Fig. 1(a). Several junctions of different channel lengths
were fabricated and investigated, revealing the surface
states carried supercurrent [38]. In this work, we mainly
focus on the unconventional rf response of the surface state
transport. The length of the junction presented here is
L ∼ 400 nm. Electrical transport measurements were car-
ried out in a dilution refrigerator with a base temperature
of 12 mK. In rf measurements, the involved Josephson
junction was irradiated via a coaxial line, in which an rf-
driving current was coupled with dc current bias Idc
together to induce phase-locked Shapiro steps.
Figure 1(b) presents the mapping of differential resis-

tance dV=dI as a function of Idc and gate voltage Vg,
where the Idc is swept from negative to positive. The upper
boundary of the dark blue region indicates the critical
current Ic, corresponding to Vg sweeping. When varying
Vg from 10 to −20 V, the critical current Ic decreases first
and tends to saturate afterwards on the whole. The small Ic
in the hole region is due to the much lower hole mobility

and the supercurrent from the bulk state may be signifi-
cantly suppressed. Because the surface states are topologi-
cally protected, the surface states can still carry the
supercurrent in the hole conduction region, which may
be responsible for the saturated Ic as Vg up to −20 V.
When irradiated with f ¼ 6.7 GHz microwave, the

Shapiro steps are observed at integer voltages
Vn ¼ nhf=2e, starting from n ¼ 0; 1;…, as shown in
Fig. 2(a). The n ¼ 1 step is nearly missing at 9 dBm
[Fig. 2(a)], which is due to the system entering into the
oscillatory regime [6]. Under a low frequency of 2 GHz, the
n ¼ 1 step is missing at a lower power of −10.25 and
−5 dBm, as shown in Fig. 2(b). With only several I-V
curves under rf irradiation, we cannot use the missing of the
n ¼ 1 step as evidence for the 4π-periodic supercurrent.
To further study the 4π-periodic supercurrent in our

devices, we derive the evolution of step size for constant
voltages Vn ¼ nhf=2e utilizing the binning method [6].
Figures 3(a), 3(b) show the 2D map of differential
resistance dV=dI as a function of dc current bias Idc and
rf power, taken at 6.7 and 2 GHz, respectively. For
f ¼ 6.7 GHz, Shapiro steps emerge one by one. As rf
power is increased, all steps gradually demonstrate oscil-
latory patterns. While for f ¼ 2 GHz, the evolution of
Shapiro steps seems more complicated, which is different
from the conventional pattern of high frequency (6.7 GHz).
To distinguish the different steps, the rf power dependence
of step size from n ¼ 0 to 4 is plotted in Figs. 3(c), 3(d).
The Shapiro step size versus rf power indeed obeys the
quasi-Bessel function [39] for high frequency f ¼
6.7 GHz, as illustrated in Fig. 3(c). For f ¼ 2 GHz, the
maximum amplitude of the n ¼ 1 step is clearly suppressed
contrary to the neighboring n ¼ 2 step in the low power
regime [Fig. 3(d)], which may result from the 4π-periodic
supercurrent contribution [6]. To describe the suppression
of the n ¼ 1 step, we introduce an indicator Q12 ¼ w1=w2,
where w1 (w2) denotes the maximum amplitude of the first
lobe of n ¼ 1 (n ¼ 2) step [6], as indicated by arrows in
Fig. 3(c). As discussed by Dominguez et al. [40], the
contribution of the 4π-periodic supercurrent would be
visible when the frequency is lower than the characteristic

(a) (b)

FIG. 1. Observation of supercurrent in Nb-Cd3As2 nanowire-
Nb junction. (a) Schematic of the measurement setup. rf radiation
is applied to the device through a coaxial line. The junction length
L ¼ 400 nm. (b) Map of differential resistance dV=dI as a
function of dc current bias Idc for various gate voltages. The
upper boundary of the dark blue region indicates the critical
current Ic, varying with Vg sweeping.
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FIG. 2. Response to rf radiation for Vg ¼ 0 V. (a) I-V curves
for different rf powers at frequency f ¼ 6.7 GHz. The voltage
scale is in normalized units hf=2e to emphasize the presence
of Shapiro steps. (b) I-V curves for different rf powers at
f ¼ 2 GHz.

PHYSICAL REVIEW LETTERS 121, 237701 (2018)

237701-2



frequency f4π ¼ 2eI4πRn=h (Rn is the normal state resis-
tance). f4π is estimated around 3.3 GHz, assuming I4π ∼
0.1I2πðI2π ≃ IcÞ in our junction. In Fig. 3(e), we plot the
ratio Q12 as a function of irradiation frequency f. Just as
calculated, the experimental Q12 tends to a low value when
f ≲ 3.3 GHz, in which the 4π-periodic supercurrent gradu-
ally dominates the rf response. Furthermore, we observe the
obvious residual supercurrent [36] at n ¼ 0 Shapiro step in
low frequency of 2 GHz [indicated by the red arrow in
Fig. 3(d)], which provides a direct and distinct signature of
4π-periodic contribution.
For clarity, we introduce the resistively shunted junction

(RSJ) model [39] to simulate the n ¼ 0 Shapiro response,
that is, the time-averaged voltage response to the rf signals
in our current bias experiment. The I-V curves can be
numerically obtained by solving the equation: idcþ
irf sinðΩτÞ ¼ i2πc sinϕþ i4πc sinðϕ=2Þ þ dϕ=dτ, where ϕ
is the superconducting phase difference, τ ¼ tIcRn2e=ℏ,
i ¼ I=Ic,Ω ¼ f=fc with fc ¼ IcRn2e=h, and i2πc and i4πc
are the 2π- and 4π- periodic current ratios, respectively
[39–40]. Considering the parameter values in our Cd3As2
nanowire-based Josephson junction, the Ω is ∼0.1 for
Vg ¼ 0 V, when irradiated with f ¼ 2 GHz microwave.
As shown in Fig. 3(f), with only 7% admixture of 4π-
periodic contribution (Ω ¼ 0.1), the junction still displays
obvious residual supercurrent at the n ¼ 0 step, where

the simulated step size I0 is also defined as the half width
of the whole n ¼ 0 Shapiro plateau. Similarly, we found
that a recent work [36] also reports the residual super-
current in the topological insulator Bi2Se3-based Josephson
junction, providing a compelling signature of 4π-periodic
contribution.
Because of the large surface-to-volume ratio, the con-

tribution of surface state transport is significant and A-B
oscillations are commonly observed in Cd3As2 nanowires
[21,22]. As mentioned before, the 4π-periodic supercurrent
is closely linked with surface gapless Andreev bound
states. But due to residual bulk transport, the 4π-periodic
supercurrent is usually accompanied by conventional 2π-
periodic modes, which make the analysis of 4π-periodic
supercurrent more complicated. To enhance surface states
contribution and increase the proportion of 4π-periodic
supercurrent, we study the evolution of Shapiro steps under
gate modulation. The Dirac point of this device is at about
−6 V [Fig. 1(b)]. At Vg ¼ 10 V, the Fermi level is in the
conduction band, and the ratio of surface state to bulk state
transport would be decreased, resulting in no suppression
of n ¼ 1 step at f ¼ 2 GHz, as shown in Figs. 4(a), 4(c).
But at Vg ¼ −30 V, the disappearance of n ¼ 1 step is

clearly observed at f ¼ 0.69 GHz, as shown in Fig. 4(b).
For the Fermi level in the valance band, the bulk related
transport is restrained due to low mobility of holes, while
the surface state transport is amplified in view of its high
mobility, benefiting from the topologically protected Fermi
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arcs [21,22,38]. Therefore, the significant contribution of
surface state transport produces the notable 4π-periodic
supercurrent, resulting in the missing of the n ¼ 1 step.
From Fig. 4(d), we can clearly judge the appearance of the
n ¼ 2 Shapiro step in the beginning of low power (instead
of the n ¼ 1 step). Higher indices of Shapiro steps are not
clearly observed here, which may result from weak
coupling between the device and rf irradiation. Absent in
the traditional 2π-periodic mode, the missing of the n ¼ 1
step reveals the significant contribution of the 4π-periodic
supercurrent.
To conclude, we have systematically studied the rf

response of Cd3As2 nanowire-based Josephson junctions.
Under low frequency irradiation, suppression of the n ¼ 1
step and residual supercurrent at the n ¼ 0 step are
observed in the low power regime, together suggesting
the contribution of the 4π-periodic supercurrent. By tuning
the gate voltage to enhance the surface state contribution,
the odd (n ¼ 1) Shapiro step is further suppressed. The
results of the 4π-periodic supercurrent from surface states
in the Cd3As2 nanowire-based Josephson junction help to
explore topological superconductivity in Dirac semimetals.
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