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Missing Shapiro steps in topologically trivial
Josephson junction on InAs quantum well
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Kaushini S. Wickramasinghe1, Enrico Rossi® 2 & Javad Shabani'™

Josephson junctions hosting Majorana fermions have been predicted to exhibit a 4z periodic
current phase relation. One experimental consequence of this periodicity is the dis-
appearance of odd steps in Shapiro steps experiments. Experimentally, missing odd Shapiro
steps have been observed in a number of materials systems with strong spin-orbit coupling
and have been interpreted in the context of topological superconductivity. Here we report on
missing odd steps in topologically trivial Josephson junctions fabricated on InAs quantum
wells. We ascribe our observations to the high transparency of our junctions allowing
Landau-Zener transitions. The probability of these processes is shown to be independent of
the drive frequency. We analyze our results using a bi-modal transparency distribution which
demonstrates that only few modes carrying 4x periodic current are sufficient to describe the
disappearance of odd steps. Our findings highlight the elaborate circumstances that have to
be considered in the investigation of the 4z Josephson junctions in relationship to topological
superconductivity.
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ecently, the drive to understand and control the order

parameter characterizing the collective state of electrons in

quantum heterostructures has intensified. New physical
behavior can emerge that is absent in the isolated constituent
materials. With regards to superconductivity, this has opened a
whole new area of investigation in the form of topological
superconductivity! 4. Topological superconductors are expected
to host Majorana fermions, electronic states with non-abelian
statistics that can be used to realize topologically protected
quantum  information processing™®. Topological super-
conductivity remains elusive in bulk materials and the majority of
the research has focused on heterostructures coupling conven-
tional superconductors to topological insulators (TIs)’-° or
semiconducting structures with strong spin-orbit coupling in the
presence of an external magnetic field!%:11,

One of the first and most important challenges to realize a
topologically protected qubit is the unambiguous detection of
Majorana modes. Recent experimental and theoretical works!213
have shown that, in general, it is very challenging to unambigu-
ously attribute features in direct current (d.c.) transport mea-
surements to the presence of Majorana modes. These
developments show the pressing need to use alternative ways to
confidently identify the presence of Majorana states and therefore
of topological superconductivity.

Josephson junctions (JJs) have been proposed as a suitable
platform to observe localized Majorana modes first in the context
of JJs fabricated on three-dimensional (3D) TIs2, 2D TIs!4, and,
more recently, on more conventional III-V heterostructures!>1.
JJs are attractive since the phase across the junction provides an
additional knob to control the topological phase!4-16. Among the
predicted properties of JJs realized on such materials, the
expected 47 periodicity of the current phase relationship (CPR)
has received considerable experimental attention. The 47 peri-
odicity of such JJs emerges from the crossing of Andreev-bound
states (ABS) when the phase, ¢, between superconductors is equal
to 7. In topological JJs, formed by topological supercondcutors,
such crossing is protected by fermion parity conservation!:1417,
After the crossing of the ABS’s levels at ¢ = , the junction is not
in the ground state anymore. As a consequence, the observation
of a 47 periodic term in the Josephson current requires out-of-
equilibrium alternating current (a.c.) measurements at fre-
quencies faster than the rate of the equilibration processes!’-19.
A.c.-driven JJs can provide several features that can be associated
with topological superconductivity’-11.

A microwave drive, biasing the junction, imposes a periodic
modulation of the bias current across the junction, which can lead
to an advancement of the phase difference between the super-
conducting order parameters of the leads. When this advance-
ment is phase locked with the dynamic of the junction, a constant
voltage step, known as a Shapiro step, appears in the
voltage—current (VI) characteristic of the junction?? since the
time derivative of the phase is directly proportional to the voltage.
In conventional JJs, the CPR is 27 periodic2122, When the leads
are topological superconductors, the CPR is 47 periodic causing,
in the ideal case, the absence of the odd Shapiro steps23-24.
However, it was pointed out earlier that Landau-Zener transi-
tions (LZTs) between ABS would lead to the same feature2>26. So
far, no experiment has clearly and explicitly shown that this is
the case.

Missing Shapiro steps have been observed in a number of
topological systems such as 2D TI HgTe quantum wells (QWs)3,
3D TI HgTe QW’, Dirac semimetals?’, and semiconductor
nanowires!®11, All the experiments in which missing Shapiro
steps have been observed so far were designed to have the JJ in a
topological state and the observation of missing Shapiro steps in
those experiments is largely consistent with the presence of a

topological superconducting state. Because all previous experi-
ments were designed to observe missing Shapiro steps in a
topological phase, the evidence of missing Shapiro steps, even
when the system was not in a topological superconducting state,
was either absent or, if present, was incidental and weak?2®,

Here, we present experimental measurements that show
missing Shapiro steps in high-quality JJs that are in a topologi-
cally trivial phase. The value of the results that we present is that:
(i) there is no ambiguity about the fact that in our case the JJs are
in a topologically trivial regime; (ii) the data presented and our
analysis shows compellingly that the LZT of high-transparency
modes in multi-mode junctions is a robust mechanism to obtain
the fractional a.c. Josephson effect and no other mechanisms have
to be present.

Results

In this work, we present results obtained on InAs surface QWs
coupled to epitaxial Al contacts. In the absence of a magnetic
field, the system is topologically trivial. Still, we observe a missing
first Shapiro step and a well-quantized second step similar to
what has been observed in previous studies on TIs and InSb in the
presence of a magnetic field”%1011. Our results are validated by
simulations including LZTs.

This study focuses on three JJs (Al, A2, and B) fabricated on
two slightly different InAs surface QWs with epitaxial Al con-
tacts. The samples are grown on semi-insulating InP (100) sub-
strates?*=31. The QW consists of a 4 nm layer of InAs grown on a
layer of Inj g;Gag 19 as depicted in Fig. 1a. For devices Al and A2,
the capping layer is 2 nm of Ing g; Aly 10As, while for device B, the
capping layer is 10 nm of Ingg;Gagj9As. Figure 1b is a trans-
mission electron microscope image of the interface between the
semiconductor and the Al layer, which shows an impurity-free
interface. These epitaxial interfaces are now widely used in
quantum devices to study mesoscopic superconductivity3233,
topological superconductivity>!-34, and to develop tunable qubits
for quantum information technology3>. The gap L between the
superconducting contacts is 80 nm for device Al, 120 nm for A2,
and 120nm for device B, as illustrated in Fig. lc. Details of
fabrication and measurements are described in the “Methods”
section.

Figure 1d presents the VI characteristic of device Al in the
absence of microwave excitation. The junction is markedly hys-
teretic, but as shown in a previous study and later in the text’l,
this hysteresis can be ascribed to thermal effects3® rather than
capacitive effects. By fitting the linear high current part of the
characteristic, we can extract the JJs normal resistance (R,) and
the excess current (I.,) defined by the intersection of the fit with
the x-axis. We report in Table 1 the critical current (I ), along
with I, R, and the estimated capacitance C from a simple
coplanar model®”.

From the excess current, we can estimate the average
semiconductor-superconductor interface transparency of the
junction estimated using the Octavio-Tinkham-Blonder-Klapwijk
theory38. We obtain 0.85 for devices Al and B, and 0.83 for device
A2. The induced superconducting gap is taken to be one of the Al
layer, which we estimate to be 220 peV for both devices based on
the critical temperature of the Al layer. We report the values of the
critical current for both the cold and hot electrons branches where
the cold branch goes from 0 bias to high bias and corresponds to
a lower effective electronic temperature before the transition out
of the superconducting state. The mean free path [ and the
density have been measured on different pieces in a Van der Pauw
geometry for both substrates. The density is in the range of
1 x 102cm~2 and I, is ~200 nm, meaning all presented junctions
are nearly ballistic, L < [.
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Fig. 1 Samples structure and characterization. a The quantum well consists of a 4 nm layer of InAs grown on top of an Ing g:Gag19As layer and capped
with 2 nm of Ing g1Alg19As for devices Al and A2 and 10 nm of Ing g;Gag19As for device B. b TEM picture illustrating the expitaxial nature of the Al-InAs
interface. ¢ False-Color SEM image of the Josephson junction. d Voltage-current characteristic of device Al in the absence of microwave irradiation. The
dashed line corresponds to the linear fit at high bias used to extract the normal resistance and the excess current. e Differential resistance of device Al as a
function of the bias current and an out-of-plane magnetic field. The overlayed orange curve is the theoretical dependence of /. for a uniform current

distribution.

Table 1 Parameters of samples A1, A2, and B.

19 (A) 1"t (uA) I, (uA) R, (@) C (fF)
AT 18 11 11 310 -1
JJ A2 (650mK)  0.65 0.65 0.88 370 -1
B 5.0 41 35 97 -1

Figure le is a map of the differential resistance of device A1 as
a function of the bias current and an out-of-plane magnetic field.
The observed Fraunhofer pattern has the expected ratio between
the central lobe and the first lobe, suggesting a uniform current
distribution. The period corresponds to a flux focusing yielding

an enhancement of the field by ~3, similar to values reported in
ref. 3.

Missing odd Shapiro steps. Figure 2 presents results obtained
on both devices Al and B at two different frequencies of
microwave excitation. At high frequency (namely 11 GHz for
samples Al and 12 GHz for sample B), all the expected steps are
visible as can be seen from the VI characteristics presented in
Fig. 2b, d. However, at lower frequencies (7 GHz for sample Al
and 6 GHz for sample B), the first Shapiro step is missing in both
devices at low power. This fact is particularly clear in the VI
characteristics with a microwave power of —5.7 dB (Fig. 2a) and
—4 dB (Fig. 2c), respectively.
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Fig. 2 Voltage-current characteristic in the presence of microwave radiation. a-d Histogram of the Josephson junction voltage as a function of the
microwave power (e-h) and width of the Shapiro steps as a function of the microwave power (i-1) for devices A1 and B at two different frequencies for each
device. In both the histogram and the plot of the width of each step, counts are expressed in unit of the critical current of the junction in the absence of the
microwave drive. In both devices, while at high frequencies all Shapiro steps are visible, at low frequency and low power, the first step appears to be
strongly suppressed. The microwave power is normalized to the power required to observe the vanishing of the critical current.

In order to present the power dependence of the Shapiro steps,
we plot, for each device and frequency, the histogram of the
voltage distribution as a function of the microwave power in
Fig. 2e-h. Finally, in Fig. 2i-1, we plot the weights of the steps as a
function of power. As seen already in the VI characteristics, for
each sample the first step is strongly suppressed at low frequency
and at low power. In addition, in the case of sample B, a weak
suppression of the third Shapiro step is visible in Fig. 2g, k. This
signature is also present in the data presented in Supplementary
Fig. 1 at 4 and 5 GHz on the same sample, allowing us to rule out
spurious experimental setup effects.

Experiments at a higher temperature. As already mentioned,
our samples present a marked hysteresis that can be ascribed to
local heating effects. Such a hysteretic behavior could lead to the
disappearance of the first Shapiro step for trivial reasons. On the
cold branch, the system can stay trapped in the superconducting
state up to current values far exceeding the value of I'** governing
the Shapiro steps physics. As a consequence, when the system
makes a transition out of the superconducting state, a large vol-
tage step occurs. On the hot branch, the system can abruptly
jump from a finite voltage to the superconducting state. In both
cases, the sudden voltage jump could lead to the observation of
one or more missing Shapiro steps as strikingly observed recently
in ref. 40, Such a mechanism cannot suppress the third step
without affecting the second one, as a consequence, we focus the
following discussion on device Al.

In device Al, the re-trapping on the hot branch occurs at a
voltage of 36 uV. We observe a single missing Shapiro step down
to 4 GHz as shown in Supplementary Fig. 1a, which corresponds
to a voltage of ~8.3 pV. If the hysteresis effects constituted the
main suppression mechanism of the Shapiro steps, we could
hence expect to also see other steps missing.

To confirm that our observations cannot be simply attributed
to hysteresis in the JJ, we have performed additional measure-
ments at a higher temperature for which the critical current is
lower and the junction does not exhibit hysteresis. These
measurements have been performed on device A2, which was
fabricated on the same piece of a wafer as device Al, but with a
gap L of 120 nm. We first present, in Fig. 3a, the temperature
dependence of the I.R,, product of device A2 on the cold and the
hot branches. We observe that the value of the product on the hot
branch is globally constant up to 600 mK, while the cold branch
value decreases, which is expected when the hysteresis is of
thermal origin3®. At 650 mK, both curves overlap and the system
is hysteresis free as illustrated in Fig. 3b. We will hence focus on
this temperature for the rest of the discussion on device A2.

Figure 3c, d present the VI characteristic of device A2 in the
presence of microwave radiation at 4.2 and 11.5 GHz, respec-
tively. The data now present a quasi-continuous variation of the
voltage, and as seen in device Al and B, the first Shapiro step
appears to be missing at the lowest frequency. This observation is
confirmed when looking at the histograms of the VI characteristic
and the dependence of the Shapiro steps width on power
presented in Fig. 3e-h The results of Fig. 3 show that the lowest
odd Shapiro step is missing even when no hysteresis is present.

Overall, our experimental observations of missing Shapiro
steps are quite similar to the ones obtained on platforms expected
to host Majorana modes, but in our case, the system is trivial in
absence of a magnetic field. We note that similar InAs QW may
host a topological phase3!:34, in the presence of a sizable in-plane
magnetic field. Data presented here are all taken at zero magnetic
field and hence our JJs are topologically trivial.

Theoretical analysis. A microscopic analysis of the dynamics of
the JJ taking into account the presence of all the transverse
modes, and a biasing current with both a d.c. and a.c. terms is
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Fig. 3 Control experiment at elevated temperature. a Dependence of the IR, product of device A2 on both the cold and hot branches as a function of
temperature. b VI characteristic of device A2 at 650 mK. Voltage-current characteristic in the presence of a microwave radiation (¢, d), histogram of the
Josephson junction voltage as a function of the microwave power (e, f), and width of the Shapiro steps as a function of the microwave power (g, h) for
samples A2 at 650 mK and a microwave drive of 4.2 and 11.5 GHz. The normalization follows the same conventions used in Fig. 2.

computationally prohibitive*!. For this reason, we describe the JJ
via an effective shunted junction model. In general, the model has
both a resistive and a capacitive channel. The junctions con-
sidered in this work, given their geometry, have a very small
capacitance C ~ 1fF. We, therefore, can neglect the capacitive
channel and model the JJ’s dynamics using a resistively shunted
junction model:

T Id c. + Iac Sin(zr[fa.c.t)

where 1, is the d.c. bias current, I, the amplitude of the a.c.
current due to the microwave radiation with frequency f, ., and

I(¢) is the supercurrent. For modes with transparency 7, the

probability of an LZT at ¢ = m is given by*2,
Al—1

200y @
e |V(tyzr)l

with V(t zr) = (h/2e)d¢/dt], — , the instantaneous voltage across

Pyyp(t) = exp <*7T

the junction when the system goes across the anti-crossing at
¢ = 7 in the spectrum.

To model the supercurrent flowing across the JJ, we use two
effective modes: a very low transparency mode with a purely
sinusoidal CPR and negligible probability to undergo an LZT, and
an effective mode with very high transparency 7, which can
undergo an LZT at ¢ = m This is justified considering the
spectrum of the ABS for the type of JJs that we study.

Let n, be the integer labeling the transverse modes. For each

transverse mode, #,, the longitudinal Fermi velocity vg'fg

by:
1/2
b o a o\
t w2 )

where t = h%/(2m*a?) is the nearest-neighbor hopping amplitude,
with m* the effective mass, a the lattice constant, and p the
chemical potential. We have m = 0.03 m>2%, a = 0.6nm, and

is given

(ny) 2at
VF,x =7

; (3)
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y = 0.1eV. From vg?;) we can then extract the effective
“longitudinal” coherence length of each transverse mode,

&, = hvg:’c)/(ﬂA). For W = 4um and L = 100 nm, the typical

length and width of the JJs studied here, we obtain that there are
few modes for which L > fny, that is, modes for which the junction

appears to be long. As shown in Supplementary Fig. S4, the ABS
corresponding to these modes will thus have energy well below A
for any value of ¢. In our devices, these modes are also highly
transparent and therefore have a very high probability to undergo
an LZT at ¢ = n. In addition, given their large separation from the
continuum, they have negligible probability to undergo LZTs to the
continuum. These modes are therefore responsible for the 47
component of the CPR. This situation is analogous to the one
discussed in ref. 43, in which a resonant impurity-bound state, by
weakly coupling to a high transparent mode, effectively turned it
into a “long-junction” mode well separated from the continuum at
A. The modes for L < fny have lower transparency and so lower

probability to undergo an LZT for ¢ = m In the presence of
disorder, the “long-junction” modes become diffusive. In this case,
given the bimodal character of distribution of transparencies in
diffusive conductors*+-46, we expect that some of the “long-
junction” modes will still have transparency close to 1.

One might expect that for some modes, the P when ¢ = 7w
might be small but not negligible so that they could affect
qualitatively the Shapiro steps. To check for this, we studied the
effect of different values of the transparency for the two channels
model that we present. For intermediate transparencies, we
obtained a chaotic dynamic for the phase that resulted in no
discernible Shapiro steps. We can attribute the inability of modes
with intermediate transparency to contribute terms to the CPR
with periodicity different from 27 to the fact that these modes
have a very large probability to merge into the continuum for
¢ = 2nm (n € IN) and therefore are very unlikely to contribute a
47 term to the CPR even if they undergo an LZT at ¢ = 7. In
addition, the combined effect of disorder and possible phase
fluctuations of the order parameter along the transverse direction
—that cannot be excluded considering that the width of the
junctions (in our samples 4pum) is much larger than the
superconducting coherence length—will tend to suppress the
probability of LZTs at ¢ = m for modes with intermediate-low
transparency. The presence of highly transparent modes “long-
junction” seems to be the key for the observation of missing
Shapiro steps in our devices.

Considering the two effective modes, the total supercurrent I
across the junction is given by:

1-n sin(¢) L,
PR T FYE) T (¢))7 (4)

where I is the experimentally measured critical current, n is the
fraction of the current from the low transparency mode, and «,

and «, are the values of sin(¢)/1/1 — Tsin*(¢/2) and sin(¢),
respectively, for the angle ¢ for which the current is maximum.
We neglect interference effects due to phase fluctuations and
coherence between LZTs2. We do not consider relaxation from
higher to lower energy states, which we expect to be suppressed.
In particular, relaxation between those states through the
continuum?#’ should be absent since the modes carrying a 47
supercurrent are well separated from the continuum as discussed
above and shown in Supplementary Fig. 4. By solving Eq. (1)
accounting for the dynamics due to the LZTs of the effective
high-transparency mode, we obtain the time evolution of ¢, and
then the d.c. voltage by calculating the time average, V, of V(£).

uw=a@

Figure 4a, b shows the dynamics of the phase and the
instantaneous voltage in the second Shapiro step using the
parameters of device Al, which means that hf,. < hfj = 2eR,I..
Even though there is a factor of 2 between the drive frequency
employed in each case, the value of the instantaneous voltage V(t)
when ¢ = 7, that is, V(#z7), is the same in both cases as indicated
by the black stars in Fig. 4a, b. This conclusion can be recovered
by considering the analogy between the dynamics of the phase,
described by Eq. (1), and the damped dynamics of a massless
(given that the capacitance is negligible in our devices) particle in
a washboard potential. The instantaneous voltage across the
junction spikes when the particle falls from one minimum of the
washboard to another. This happens when the sum of I and I, .
overcome the modulation of the washboard potential (I.). The
speed the particle achieves during this transition is directly related
to the friction (R,), and amplitude of the d.c. and a.c. component
of the current. In the first steps, the sum of both those amplitude
is typical of the order of the modulation of the washboard
potential (I.), which they need to overcome to induce a
movement of the particle. It is, however, independent of the
frequency since the particle is massless. We provide additional
numerical results supporting this conclusion in Supplementary
Figs. 6 and 7.

This result is important since the lower frequency at which
missing steps are observed has been used to estimate the required
transparency for LZTs to explain missing steps’. In the presence
of LZT, Shapiro steps are well quantized only if the probability of
the transition is very close to 0 or 1 as shown in ref. 7 and
Supplementary Fig. 9. In all three devices, the induced super-
conducting gap is close to the bulk gap of the Al layer A = 220
peV = 53 GHz, given the high interface transparency, and the
lowest frequency at which we observe Shapiro steps is 4 GHz.
Using the value of the voltage corresponding to the lowest
frequency for which the first odd Shapiro step is missing and LZT
probability of 0.97, we would get that the transparency of the
mode undergoing LZTs should be >0.9985. However, using the
value V(tzr) shown in Fig. 4a, b using black stars, that is, V
(tuzr) = 1.8A/e, we obtain that a transparency of 0.982 is
sufficient.

In the presence of both 27 and 47 periodic components in the
CPR, odd steps are expected to be suppressed when the a.c. drive
frequency is lower than f;, = 2eR,I,,/h?324. For devices Al and
B, fi, can be estimated to be ~10 GHz, yielding I,, ~ 7 nA for
device Al and 260nA for device B, which in both devices
corresponds to ~6% of the critical current on the hot branch. For
device A2, the limit frequency is ~6.5GHz, as shown in
Supplementary Fig. 2, yielding an I, ~ 35nA, which
corresponds to 5% of I. (T = 650 mK). Using the Al gap value
for the induced gap, we can estimate the amount of current
carried by a single mode I, 4. = %% ~ 25 nA. This means that the
total 47 periodic contribution to the CPR can be assigned to ~3
(1.5, 10) modes for the device A1 (A2, B). The typical densities
reported for each sample yield between 320 and 550 transverse
modes in each JJ. This means that only a small minority of the
modes (0.5-1% in device Al, 0.25-0.5% in device A2, and 2-3%
in device B) need to have near unity transparency and participate
in LZT processes to explain our observations.

Figure 4c-f presents the simulation results for both device Al
and B for the same frequencies presented in Fig. 2. For device Al,
panels ¢ and e, we assumed that 5% of the current is carried by
modes that have a transparency 7 = 0.98. For device B, panels d
and f, we assumed that just 3% of the current is carried by modes
that have such high transparency. For both devices, the fraction of
the current associated with high-transparency modes is very close
to the values extracted from the value of the threshold frequency
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Fig. 4 Resistively shunted junction (RSJ) simulation accounting for LZTs.
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a, b Phase and the instantaneous voltage across the JJ. The parameters of

sample B are used with r = 0.98 and n = 0.97. The driving currents are 4. = 0.7/. at 6 GHz and 0.8/ at 12 GHz, and I, . = 0.4l at both frequencies, which
corresponds to the second Shapiro step. The black stars indicate the instantaneous voltage at ¢y = z used in the calculation of the Landau-Zener transition.
¢, e V-4, curves showing Shapiro steps at 7 and 11 GHz for the parameters of device A1, with 7 = 0.98 and n = 0.95. d, f V-l curves showing Shapiro
steps at 6 and 12 GHz for the parameters of device B, with 7 = 0.98 and n = 0.97.

above which the first Shapiro steps reappears. The results of Figs.
Fig. 4c—f show that the two-channel model, in which just a small
fraction of the current is carried by high-transparency modes
with effective coherence length smaller than the junction length,
is able to reproduce well the experimental results, and, in
particular, the missing first Shapiro steps in topologically trivial
Josephson junctions.

Discussion

In this work, we show experimentally that in JJs that are
undoubtedly in a topologically trivial phase, for the microwave
powers and frequencies reported, there are missing odd Shapiro
steps consistent with the 47 periodic current phase relation of a
topological JJ. We attribute our measurement to the very high
transparency of a fraction of the modes in our JJ combined with
large value of I.R,,. Our results clearly show that caution should
be used to attribute missing Shapiro steps to the presence of
Majorana modes. They provide essential guidance to future
experiments to use JJs to unambiguously establish the presence of

topological superconductivity, and, in addition, significantly
enhance our understanding of high-quality J]Js.

Methods

Fabrication. The samples were grown on semi-insulating InP (100) substrates in a
modified Gen II MBE system. The step graded buffer layer, In,Al, _ ,As, is grown
at low temperature to minimize dislocations forming due to the lattice mismatch
between the active region and the InP substrate. After the QW is grown, the
substrate is cooled to promote the growth of epitaxial Al (111)?-31. The typical
thickness of the grown aluminum layer is 20 nm.

The fabrication process consists of two steps of electron beam lithography using
poly(methyl methacrylate) resist. After the first lithography, the deep
semiconductor mesas are etched using first Transene type D to etch the Al and
then a ITI-V wet etch (C¢HgO, (1M) 18.3:H3PO, (85% in mass) 0.43:H,0, (30% in
mass) 1:H,O 73.3, the volumes are normalized to the volume of H,O, used) to
define deep semiconductor mesas. The second lithography is used to define the JJ
gap that is etched using Transene type D.

Measurements. Devices are measured in a four-point geometry using a current
bias configuration. Differential resistance is measured using a lock-in amplifier
SRS860. The a.c. signal used has an amplitude of 10 nA and a typical frequency of
17 Hz. For measurements carried out on devices Al and A2, a differential amplifier
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NF-SA440F5 is used to measure the voltage drop across the JJ. Microwave exci-
tation is provided through a nearby antenna. All measurements are performed in a
dilution fridge with a mixing chamber temperature of 30 mK.

Data availability

The data that support the findings of this study are available within the paper and its
Supplementary information. Additional data are available from the corresponding author
upon request.

Code availability

The numerical simulation code is available from the corresponding author upon request.
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SUPPLEMENTARY FIGURES

Shapiro steps at lower frequency
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Supplementary Figure 1: VI characteristic at lower fre-
quency. a, Sample A at 4 GHz, b, ¢, Sample B at 4 and
5 GHz and corresponding histogram of the voltage (the color
match the VI legend).

Supplementary Fig. 1 presents data on both device Al
and B at the lowest frequency achievable in our setup.
This limit is mostly due to the weak coupling of the mi-
crowave antenna to the device at low frequency.

On both devices, one can observe the same missing
first step described in the main text. In addition, on
device B the third step appears partially suppressed as
illustrated in the histograms. At 4 GHz, the suppression
appears nearly total, while at 5 GHz the third step is

slightly weaker than the fourth one when it is expected
to be stronger. This is consistent with data presented
at 6 GHz in the main text and allows us to rule out
possible experimental setup imperfections to explain the
partial suppression of the third step.

Additional data on device A2.
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Supplementary Figure 2: Frequency cross-over in sam-
ple A2. a-f Histograms of the voltage as a function of the
microwave power for device A2 at 650 mK for 6 different fre-
quencies illustrating the recovery of the first step as frequency
is increased.

In Supplementary Fig. 2, we present additional data
on device A2 at 650 mK. As the frequency of the
microwave drive is increased the first step is recovered
at lower and lower power allowing us to pinpoint the
cross-over frequency around 6.5 GHz, which yields a
maximal amount of 47 current of 35 nA.

Sub-harmonic steps

A JJ with a high transparency is expected to have a
forward skewed CPR as can be seen from Equation (4)
in the main text. The CPR can be directly measured
by embedding the JJ in a superconducting interference
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Supplementary Figure 3: Fractional step observation. a,
b Voltage-current characteristics in the presence of a mi-
crowave radiation of device Al and ¢, d differential resistance
map obtained by numerical differentiation as a function of the
current bias and applied microwave power. At high frequency,
b, d, weak half Shapiro steps appear in the VI characteristic
which are visible in the differential resistance map.

device (SQUID), whose second JJ has a much larger
critical current. Such measurements have been carried
out on graphene-based JJ [1], TI based JJ [2, 3], InAs
nanowire [4] and in our devices [5].

The anharmonicity associated with forward skewness
of the CPR has been predicted to lead to the appear-
ance of subharmonics Shapiro steps at high frequency
drives [6]. Such subharmonic steps have been observed
in several systems [7-10], in which they were associated
with a skewed CPR. In Supplementary Fig. 3, we present
the VI characteristic and differential resistance as a
function of a.c. power and bias current of device Al
at 9 GHz and 13 GHz. While at 9 GHz, only integer
steps are visible, at 13 GHz a weak half-step is visible
in the VI. The existence of the subharmonic step is also
visible in the differential resistance map as a splitting of
the resistance peak separating two integer steps. This
signature provides an additional experimental signature
of the high transparency of our junctions.

RSJ Model

The dynamics of a current-driven JJ can be treated
within a semiclassical description where the current is
carried in three parallel channels: a resistive channel de-
scribing dissipative current, a capacitive channel describ-
ing charge accumulation on the superconducting leads
across the weak link, and a supercurrent channel describ-
ing current mediated by Cooper pairs. Our JJ has a
small geometric capacitance (C ~ 1 {fF) corresponding to
the overdamped regime; thus, we neglect the capacitive
channel. Driving our JJ with an ac current, we can use

Kirchoff’s junction law to write

Idrive(t) = IR(¢) + IS(¢) (1)

where ¢ is the phase difference between the two super-
conducting electrodes, Igrive(t) = Lac + Lac SIn(27 fact) is
the external driving current, IR(QB) = %q’) is the current
in the resistive channel, and Is(¢) is the supercurrent
contribution. Then the equation governing the JJ’s dy-
namics is

Bo. . . .
=——=¢ = Iqc + Lac sin(27 fact) — I ’ 2
5or 0 = Lae+ Tusin@nfuct) = L(@), ()
where the hats denote currents normalized by the critical
supercurrent I..

Justification of the two channels model

As we discuss in the main text the two channels model
that we use to describe the dynamics of the JJs is justified
by the nature of the spectrum of our junctions, that have
a width W much larger than L and than the bulk coher-
ence length £. Supplementary Fig. 4 shows the spectrum
of the ABS states for a junction with L = 100 nm and
W = 500 nm. We see that there are 2-4 modes that
are well separated by the quasicontinuous spectrum at
E, ~ A. These are the modes for which &, > L. We
also see that these modes are the ones with the largest
transparency i.e. the smallest gap for ¢ = m, and there-
fore the ones with the largest probability to undergo a
LZT at ¢ = w. The combination of high transparency
and distance from the quasicontinuum, is what allows to
provide a robust 47 contribution to the Josephson cur-
rent at low powers and frequencies.

0.8]
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Supplementary Figure 4: ABS spectrum for a wide JJ.
The calculation was done for W = 500 nm, L. = 100 nm, A
= 0.3 meV, Asoc = 7.5meV nm. Here we used m = 0.04m,
and doping n = 8 x 10'" em™2.

Two channels RSJ model
In JJ’s, the supercurrent is mediated by Andreev
bound states (ABS) with energy given by

Faps = +A4/1 — 75in’(¢/2) (3)



where A is the SC gap and 7 is the transparency.
The spectrum according to Equation (3) exhibits a gap
2A+/1 — 7 at ¢ = w. The supercurrent carried by a single
ABS at zero temperature is given by a skewed sinusoidal

CPR,
eA T sin(¢)

Inps = = .
T T i (6)2)

In what follows, we assume the distribution of mode
transparencies to be bimodal, where the two lobes of
the bimodal distribution curve are centered around a low
transparency Tiow and a high transparency Thigh > Tiow-
We further assume the majority of the modes reside near
Tiow- Now, we simplify the contribution made to the su-
percurrent channel by letting

eA OFE;
Dow + = % Z a¢

TE€ETlow

(4)

~ nlay sin(¢)

and

eA oF, 1—=n)ly,,, sin(¢
IhighTZﬁ Z 59 ~ ( ) — (9)
Teﬂligh \/1 - Thigh sin (¢/2)

where Tiow and Tpignh are the set of transparencies of
modes belonging to the lower 7 and higher 7 modes, re-
spectively and n is the fraction of critical current con-
tributed by the effective low-transparency mode and I,
is the critical current. Thus, we consider two effective
modes: a low-transparency mode with a sinusoidal CPR
and a high-transparency mode with a skewed CPR de-
termined by an effective transparency 7 = Thigh. Then
we write our supercurrent as:

P gin(g) + L= —__sn(@) . ()

o A /1 —1sin?(¢/2)

I, =1,

We have included normalizations oo and «, that are de-
termined by,

1 1- TSiHZ((gmax)

—_— a,; = =
Sin(¢max) Sin(¢max)

(6)

Qo =

where qgmm is such that

sin(¢)
1 — 7sin%(¢/2)
Sin(&max)

\/1 — 7sin? ((imax/Q)

These normalizations remove the inherent difference be-
tween the sinusoidal and skewed CPR’s contribution to

max | nsin(¢) + (1 —n)

= nsin(q@max) +(1—-n)

the critical current, allowing n to accurately determine
the fraction of critical current coming from the low and
high transparency channels.

Landau-Zener Processes

In a two-level quantum system, Landau-Zener pro-
cesses describe diabatic energy level transitions. Gener-
ally, the Landau-Zener transition (LZT) probability will
depend on the difference in energy between the two states
and the rate at which the dynamical variable changes: a
small energy gap and rapid evolution of the dynamical
variable are favorable conditions for an LZT to occur.
We can treat the ground state and excited state of a
single ABS with transparency 7 as a two-level quantum
system and solve for the LZT probability at the avoided
crossing [11]:

A(l—1)

Pn(t) = exp (-n 520, 7)

Here we neglect interference effects due to phase fluctu-
ations and coherence between LZTs.

A successful LZT will change the sign of the super-
current contribution due to the ABS mode undergoing
the transition. For high transparency modes, LZT prob-
ability can be significant because of the small gap at the
avoided crossing. We model the collective behavior of the
high-transparency modes by considering a single effective
LZT in our calculations occurring at avoided crossings.
Thus, we take our supercurrent to be given by,

P gin(g) + 50— sin(¢) . (8)

o Ar 1 — 7sin?(¢/2)

I, =1,

where s = =+ controls the sign flip due to an LZT. We
solve Equation (2) dynamically to account for LZTs at
the avoided crossing of the effective high-transparency
mode.

Additional simulation results

Supplementary Fig. 5 shows the main results from the
main text along with histograms of Josephson junction
voltage as function of ac power. We observe odd steps
gradually suppressed at low driving frequencies and low
power which qualitatively agrees with experimental re-
sults.

Before discussing the frequency dependence of V (t1,zT)
in the two modes model, we can start with a simpli-
fied picture where we only consider a purely sinusoidal
CPR in the absence of LZ transitions (ie. n = 1).
Phase and instantaneous voltage across the JJ for f; =
2el. R, = 3.1A (corresponding to I. R, for device A)
and f; = 0.94A for driving frequencies f,.. = 0.2f; and
0.05f; are shown in Supplementary Fig. 6. We notice
that the peaks of the resonances in V' correspond closely
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Supplementary Figure 5: Extended theoretical results
Histogram of Josephson junction voltage as a function of
power at a fixed ac driving frequency with device A1 param-
eters a,b with device B parameters c, d.
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Supplementary Figure 6: Phase and instantaneous volt-
age across the JJ as function of time. We only con-
sider the sinusoidal part of Equation (8) (n = 1) for various
Josephson frequencies and driving frequencies as indicated in
the title of each panel. The black stars indicate the value of
V at ¢ = 7[27]

to hfy/e and are very weakly dependent on driving fre-
quency. Numerically, we observe that these dependencies
survive when we include a skewed CPR and LZTs.

In Supplementary Fig. 7a and b, we consider again
our two modes model and show the IV curves for the
time-average voltage across the junction (solid lines) and
the time-average voltage at the avoided crossing V (trzt)
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Supplementary Figure 7: Independence of Vizr on the
drive frequency. Shapiro steps (solid lines) and time-
average instantaneous voltage at the avoided crossing V(tLZT)
(dashed lines) for sample B parameters for a 6 GHz and b
12 GHz. Considered here are the following powers: [, =
0.21. (blue), I.c = 0.41. (orange), I, = 0.61. (green), and
I.. = 0.8I. (red). ¢ Frequency dependence of V(tLZT) at
Iac = 0.841. and I, = 0.21.. d Frequency dependence of
Przr at Iye = 0.841. and I, = 0.21,.

(dashed lines) where the LZT probability is evaluated.
We find that V(tLZT) has a dependence on the dc cur-
rent bias and power, but the difference between the two
frequencies is the Iy, corresponding to the center of a
Shapiro step (i.e. the step widths increase with increas-
ing frequency).

To compare LZT probabilities at different frequencies,
we consider a fixed dc current bias and power corre-
sponding to the lowest order steps in Supplementary
Fig. 7a, b. The kink feature in Supplementary Fig. 7c
and d indicates a crossover from the first step at
high frequency to the second step at low frequency
(where the first step is suppressed). Thus, the LZT
process is not suppressed at high frequencies; rather,
we can understand the emergence of odd steps at high
frequencies by considering our junction having both 2w
and 47 periodic channels. For such a junction, there is
crossover frequency fir = 2eR,I4r/h (as described in
the main text) which determines whether one observes
a suppressed first step or not (i.e. if fa. < fir then
the first step is suppressed; otherwise, the first step is
observed). One can think of this crossover equivalently
as hfac < 2¢R, 14 = mA4r. Then the condition for the
observation of a suppressed first step is the energy of the
photon irradiating the JJ is less than the 47 gap Ay.
In our setup, the high transparency modes have very
high Landau-Zener transition probabilities so they are
effectively 4m-periodic modes. Thus, we can introduce
a similar Ay, determined by the number of effective 4w



modes in our junction and the argument above follows
to describe the frequency dependence of the suppressed
first step.

Effect of intermediate LZT’s probabilities
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Supplementary Figure 8: Probability of an LZ transition
as a function of the transparency 7. The result presented

are obtained for fixed § = e"‘—‘%‘. The value of S was chosen

based on typical values for |V| at ¢ = m where a transition is
allowed in the simulations.

For a simple visualization of the LZT probabilities de-
pendence on transparency, we can ignore the fluctuations
in the value of |¢| as ¢ sweeps through odd integer mul-
tiples of 7, and can consider

Przr = exp (=B(1 —17)) 9)

where =& < B < 7 is a constant. We have chosen this
range of 8 based on possible values of V' giving rise to an
LZT in our simulations. Results for various values of 3
are shown in Supplementary Fig. 8.

One may consider the effect of a transparency that is
not near unity i.e. the effect of a LZT probabilty that is
not near unity. If we assume |V (trzr)| = 1.8A/e then for
transparency < 0.982, the LZT probability takes on val-
ues < 0.97 leading to departures from quantized values
of induced voltage—integer multiples of % [12]. Supple-
mentary Fig. 9 shows VI curves for 7 = 0.9 and n = 0.95
using device A1 values for I. and R,,. Results are similar
for device B. Clearly Shapiro steps are not well defined,
and even-integer steps generally show a greater deviation
from quantized values. The experimental devices have
very robust, quantized steps implying only high trans-
parency modes effectively participate in Landau-Zener
processes. It is worth noting that this estimate for a
lower bound on transparency is rooted in a somewhat
arbitrary choice for a lower bound Py leading to de-
partures from quantized values of V and should not be
considered a lower bound for transparencies where miss-
ing steps can be observed.
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