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Half-integer Shapiro steps in highly transmissive InSb nanoflag Josephson junctions
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We investigate a ballistic InSb nanoflag-based Josephson junction with Nb superconducting contacts. The
high transparency of the superconductor-semiconductor interfaces enables the exploration of quantum transport
with parallel short and long conducting channels. Under microwave irradiation, we observe half-integer Shapiro
steps that are robust to temperature, suggesting their possible nonequilibrium origin. Our results demonstrate the
potential of ballistic InSb nanoflags Josephson junctions as a valuable platform for understanding the physics of
hybrid devices and investigating their nonequilibrium dynamics.
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Advancing quantum technologies have made the investi-
gation of low-dimensional hybrid superconducting nanostruc-
tures a major area of research in recent years. When a normal
conductor is coupled to a superconductor, the superconduct-
ing correlations can penetrate into the nonsuperconducting
region through the proximity effect [1,2]. As a result, the
hybrid system can exhibit unique properties derived from both
the normal and superconducting components, offering excit-
ing possibilities for novel functionalities. This phenomenon
has been investigated in various solid-state platforms, includ-
ing semiconductors [3,4], two-dimensional electron systems
[5-7], magnetic and ferroelectric materials [8,9], and topo-
logical insulators [10—12]. In this context, indium antimonide
(InSb) is a particularly promising semiconductor, known for
its high electron mobility, narrow bandgap, strong Rashba
spin-orbit coupling, and large g* factor [7,13—-16]. Due to
the challenges of growing InSb quantum wells on insulat-
ing substrates, free-standing InSb nanoflags have emerged
as a highly flexible platform, as they can be grown without
defects on lattice-mismatched substrates [17-28]. They have
also been referred to as nanoflakes, nanosheets, or nanosails in
the literature [18-20,29]. Recently InSb nanoflags have been
used to realize proximity-induced superconductor-normal
conductor-superconductor (SNS) Josephson junctions, which
exhibit ballistic and gate-tunable supercurrents [21,30,31],
clear subharmonic gap structures [22,30], and nonlocal and
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nonreciprocal supercurrent transport [19,31]. These develop-
ments highlight the potential of InSb nanoflags as a platform
for exploring the complex dynamics between charge, spin, and
superconducting correlations, including topological supercon-
ductivity [32,33], gate-tunable hybrid superconducting qubits
[34-36], and nonequilibrium quasiparticle dynamics [36-38].

In this work we present a thorough investigation of
highly transmissive ballistic Josephson junctions on InSb
nanoflags made with niobium (Nb) contacts. Compared to
previous works [30,31], our device has a higher junction
transparency, which enables the investigation of unexplored
transport regimes. Our findings reveal the coexistence of
parallel short and long conducting channels, as confirmed
by the temperature dependence of the critical current and
magnetoresistance. Under microwave irradiation, we observe
Shapiro steps at half-integer values of the canonical voltage
hf/2e, which exhibit a nonmonotonic evolution with temper-
ature. The observation suggests that a nonequilibrium state is
formed in the junction due to the microwave drive.

The device depicted in Figs. 1(a) and 1(b) consists of
a planar SNS junction made of an InSb nanoflag with two
Nb contacts. Previous studies have revealed that these InSb
nanoflags are defect-free and exhibit a zincblende struc-
ture with high mobility (up to 29500 cmV~—2s~!) and a
mean-free path /, >~ 500 nm at 4.2 K [28]. The Fermi wave-
length Ar =~ 30 nm for a carrier concentration of n; >~ 8.5 x
10" cm~2 is comparable to the thickness of the nanoflags (~
100 nm), resulting in a strong quasi-two-dimensional charac-
ter. Measurements were performed using a standard four-wire
technique at the base temperature of 7 = 75 mK of a dilution
refrigerator. A highly doped Si backgate allows for control
of the carrier density of the InSb and was set to Vg =40V
for the results shown in the following. Microwave signals are
applied via an open-ended attenuated coaxial cable placed
~1cm away from the chip surface. The junction dynamics
is modeled using an extended resistively and capacitively
shunted junction (RCSJ) model, which takes into account
the dissipative environment surrounding the junction, as de-
picted in Fig. 1(c) [3,40,41]. Further information on materials,
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FIG. 1. (a) Upper part: sketch of the sample with the relevant dimensions and a simplified measurement setup. The junction length is
L = 80 nm and the width is W = 650 nm. Lower part: scanning electron micrograph of the SNS junction. The InSb nanoflag has a trapezoidal
shape, and the Nb contacts are patterned on top of it. (b) Schematic cross section of the device, where the superconducting Nb contacts with gap
A proximitize an induced gap A* in the InSb layer [39]. The red and blue lines represent, respectively, the short and long conducting channels
that are discussed in (d). (c) Extended RCSJ model, with the Josephson junction of critical current /. in parallel with a shunt resistance
R; and capacitance C;. Additional shunt capacitance C and resistor R take into account the dissipative environment around the junction.
(d) Temperature dependence of the switching current /;,, (black dots) and the retrapping current /,, (gray dots). The blue and red areas indicate
the contributions of the long and short conducting channels, respectively, as estimated from the corresponding models. The green line represents
the sum of the two contributions. Inset: forward (black line) and backward (gray line) current sweeps used to extract the switching I, and
retrapping I, currents, respectively. (e) Differential resistance R = dV/dI plotted as a function of the bias current / and the out-of-plane
magnetic field B. The red curve takes into account both the long and short model contributions. The gray line shows the Fraunhofer pattern

resulting from the short channel only. The inset provides a zoomed-in view of lobes in the low-bias region.

fabrication, and measurement techniques can be found in
Appendix A.

We first characterize the device in the absence of mi-
crowave irradiation. A typical back and forth sweep V(1) is
presented in the inset of Fig. 1(d), in which a current bias [ is
applied and the resulting voltage drop V across the junction
is measured. The V(I) characteristic shows a considerable
hysteresis with a switching current I, >~ 170nA and a re-
trapping current /,, >~ 30 nA. The hysteresis in planar SNS
junctions is commonly due to electronic heating in the normal
region [42], with a finite junction capacitance C; potentially
contributing [43]. Additional contributions to the hysteresis
can arise from the cross-capacitance of the bonding pads via
the backgate electrode, resulting in the underdamping of the
junction [44,45].

Figure 1(d) shows the temperature dependence of the
switching and retrapping currents on a semilog scale. We can
distinguish two distinct regions in the data. For temperatures
T > T* with T* ~ 500 mK [see Fig. 1(d)], the switching
current follows the predictions of a short junction model
(shown as a red shaded area). However, for T < T*, we see a

deviation from the short junction behavior, and the switching
current follows an exponential increase with decreasing 7T,
which is characteristic of long junctions (blue shaded area).
The data can be well reproduced over the entire tempera-
ture range using a simple model that considers the transport
predominantly determined by two conducting channels, long
and short, as illustrated in Fig. 1(b) and demonstrated by the
green line in Fig. 1(d). The coincidence of the separation of
switching and retrapping currents occurring approximately at
T* is purely coincidental.

In the short junction limit L < &y (wWhere &y = hivp /A ~
720 nm is the coherence length, with vy >~ 1.5 x 10° m/s
[28] and A = 1.764kpT. >~ 1.35meV, with T, ~ 8.9 K being
the Nb critical temperature), the supercurrent flows directly
through the InSb region between the Nb contacts separated
by L = 80nm. For simplicity, we assume that all modes in
the junction have equal effective transmission 7, which can be
described in the ballistic limit (L < /,) by [46]

NeA¥(T) tsin [0
2h Es(e,T)

h EA(‘/)’ T)
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N
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¢
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with N the number of effective modes, Ex(p,T) =

A*(T)y/1—1 sinz(fp /2) the Andreev bound state (ABS) en-
ergy of the mode, A*(T) = A*tanh(1.74,/T*/T — 1) the
temperature-dependent induced energy gap [47], and ¢ the
macroscopic phase difference across the junction. The best
fit with the short junction model yields the red dashed line
in Fig. 1(d), with a single mode N=1,1~0.93, and TF ~
1.85 K (A* =~ 280ueV), and a value of critical current Is =~
25nA at T =75 mK. The observed lower values of currents
are consistent with the transport mechanism illustrated in
Fig. 1(b), where the supercurrent flows between the two proxi-
mized InSb regions with an induced gap A*, rather than being
dominated by the Nb gap A.

The exponentially enhanced conduction at low tempera-
tures is typical of long channel states (of length d). The
conduction via these states holds in the long junction limit
d > &y and reads [48]:

E E
1(T) = RL’;a[l —1.3exp <—3“2k”T)], 2)
N «&RB

where E7;, = hvp le/2a'2 is the Thouless energy [2], Ry is the
junction resistance and a = 3 [49]. The best fit of the long
junction model is shown as the blue dashed line in Fig. 1(d)
and yields E7, >~ 20 ueV, corresponding to d =~ 3.5 um, close
to the total length of the InSb nanoflag (3.35 um), Ry =~ 400 2
and a critical current I; >~ 140nA at T = 75 mK.

Previous studies have documented similar results in highly
transmissive ballistic SNS junctions with topological insu-
lators or graphene [4,45,50-54], with the behavior being
attributed to contributions from both surface and bulk states
[51,53]. One study linked the low-temperature enhancement
to a low-energy Andreev bound state localized around the
circumference of the junction [50]. In our nanoflags, this could
be consistent with electronic transport at the edges of the
nanoflag due to band bending, similarly to what has been
reported by de Vries et al. [19]. Compared to earlier works
on InSb nanoflags that employed a Ti sticking layer between
Nb and InSb [30,31], the increase of I, at low temperature
is consistent with the increased transparency achieved in this
study through the direct deposition of bare Nb on the passi-
vated surface of InSb, without the use of additional metallic
layers.

Magnetotransport measurements further confirm the coex-
istence and magnitude of the two current conducting channels
in the junction, providing additional insight into the current
density distribution across the channels. The differential re-
sistance of the junction R = dV//dI as a function of magnetic
flux is presented in Fig. 1(e). An unconventional Fraunhofer
pattern, with a first lobe much more pronounced than the side
lobes, is visible and well described by the superposition of a
conventional Fraunhofer pattern typical of short junctions, and
a monotonic quasi-Gaussian decay, which is characteristic of
long SNS junctions [52,55-59]. The forward biasing of the
current results in a nonsymmetrical supercurrent region for
switching and retrapping currents (black area). The periodic-
ity of the Fraunhofer pattern corresponds to one flux quantum
inside the junction, taking into account a London penetra-
tion depth of Ay >~ 100nm [60] and a flux enhancement of
a factor of I'y ~ 1.8 due to flux focusing within the planar

geometry. The critical current values from short and long
transport channels estimated in Fig. 1(d) are used here to
model the magnetic interference patterns. The red line in
Fig. 1(e) shows the combined contribution of both chan-
nels to the supercurrent I(®,) = Is(D,) + I.(D,), where
®, =TyB(L+2A)W is the applied magnetic flux on
the uncovered junction area, with W = 650 nm the junc-
tion width. The standard Fraunhofer pattern Ig(®,) =
Is|sin[m (®,/ Do)/ (m D,/ Do)l expected for a wide-short
junction and a Gaussian decay I1,(®,) = I exp(—o @Z/QD%),
typical of a narrow-long junction, are accounted for in the
calculation. We have included a possible different effective
area of the long junction directly in the estimated value of
o ~ 0.329 while preserving the same flux dependence.

Our conclusions are further supported by the temperature-
dependent change in the magnetoresistance, which exhibits an
exponential reduction of the Gaussian component and limited
variation in the Fraunhofer lobes up to 7 = 800 mK (refer
to Fig. 6 in Appendix C). This further excludes the hypoth-
esis that nonuniformity in the current distribution within the
short exposed junction area, though possible in our device, is
the cause of the anomalous interference pattern, as it would
imply a simultaneous decrease in both the central and side
lobes with temperature. The lack of distinct oscillations in the
magnetoresistance indicates that possible edge states are not
interfering coherently with magnetic fields perpendicular to
the nanoflag. However, the impact of flux screening, phase de-
coherence, and transport along various facets of the flag makes
it challenging to arrive at more definitive conclusions.

Having established the response of the junction at equi-
librium, we will now examine how the system behaves when
subjected to a microwave irradiation. In Fig. 2(a) we present
a sample V(I) curve with a microwave tone at frequency
f = 1.75GHz and applied power Prr = 12 dBm. As it can
be difficult to estimate the precise power delivered to the
sample, we will refer only to the power provided by the sig-
nal generator in the following discussion. Quantized voltage
steps of amplitude n x hf /2e appear in the V (I) characteristic
(black line), as a result of the phase locking between the mi-
crowave frequency and the junction Josephson frequency [61].
In addition to integer steps occurring at n = £1, £2, £3, ..,
half-integer steps appear with n = +1/2, +£3/2, £5/2,....
The overlapping gray trace displays dV/dI and shows peaks
associated to both integer and half-integer steps, some of
which are highlighted by red arrows. Steps with fractions
different from multiples of 1/2 are not observed. A histogram,
resulting from the binning of the voltage data, is shown on the
left and provides an immediate visual representation of the
length of each step. The bin unit equals the current step size,
such that the number of counts corresponds to the width of the
voltage plateaus.

Figure 2(b) shows a color plot of R as a function of [/
and Prp. Sharp jumps in voltage appear as bright peaks in
R, while voltage plateaus correspond to dark regions. The
pattern of bright peak pairs in the data provides stark ev-
idence of fractional steps that occur over a wide range of
power and frequencies, as demonstrated by the maps at f =
1.50 GHz and f = 2.00 GHz. The region between the plateaus
+1 displays bistability at around Prp = 10 dBm of applied
power, with sudden switching occurring between the two
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FIG. 2. (a) Sample V (I) curve (black) in the presence of microwave irradiation at Prg = 12 dBm and frequency f = 1.75 GHz. The gray
line represents the differential resistance R = dV/dI with arrows highlighting half-integer Shapiro steps. The histogram on the left shows the
distribution of the voltage data. The bin unit is equal to the current step size, such that the number of counts corresponds to the width of the
voltage plateaus. The value of Pyr refers to the one provided by the signal generator. (b) Full evolution of R as a function of current bias / and
microwave power Prg at f = 1.75 GHz. Pairs of bright peaks indicate the presence of half-integer steps. The white dashed line corresponds
to the data shown in (a). Label numbers refer to the corresponding step index n. The right side shows the colormaps for f = 1.50 GHz and
f = 2.00 GHz. (c) Histograms, as shown in (a), are displayed based on the data in (b) in a colorplot as a function of microwave power Prg.

overlapping plateaus (see Appendix F for additional discus-
sion). Figure 2(c) better highlights the emergence of Shapiro
steps by depicting the evolution of the histogram data as a
function of microwave power for various frequencies. In the
Appendixes D and E, we present additional measurements
for different backgate voltages, magnetic field values, and
temperatures. These measurements confirm the robustness of
the observed half-integer steps, indicating that the effect is not
related to variations in current density or flux motion.

We then study the behavior of the system by increasing the
temperature. Figure 3(a) displays Shapiro maps at tempera-
tures ranging from 7 = 75 mK (~0.02 A*/kg) to T = 1.5 K
(~0.5 A*/kp). The temperature rise leads to a decrease of
the supercurrent and an increase in thermal fluctuations, re-
sulting in rounded voltage plateaus. However, the half-integer
steps remain stable from base temperature up to around 1 K
(~0.3 A*/kp), where the current-phase relationship (CPR)
given by the equilibrium supercurrent is expected to be mostly
sinusoidal (as illustrated in Fig. 13 in Appendix H).

Figure 3(b) shows the change in step width for the steps
n = 0and n = 1/2 extracted from Fig. 3(a). The amplitude of
the integer step decreases monotonically with increasing tem-
perature, while the half-integer step shows a nonmonotonic
trend, with a maximum at 7 ~ 400 mK ~ 0.12 A*/kg. This

is also demonstrated in Fig. 3(c), where the step widths for
n=0,1and n =1/2,3/2 are plotted on a semilog scale as a
function of 7. While the integer steps show an exponential
decrease, the width of the half-integer steps first increases,
then decreases, and eventually saturates due to the noise level
at high temperatures. This remarkable evolution points to a
nonequilibrium origin of the half-integer steps, where the
supercurrent is altered by a nonequilibrium population of
the ABSs that is induced by the microwave drive. This is
consistent with theoretical predictions and experimental ob-
servations that nonequilibrium supercurrents are less sensitive
to temperature compared to equilibrium supercurrents, which
are exponentially suppressed [5,62-66].

In Appendix G we provide data from an additional device
with lower transparency. While the junction behaves similarly
under microwave irradiation, the signatures of the half-integer
steps are considerably weaker.

Despite their frequent occurrence, the origin of fractional
steps in superconducting devices is not univocal. Measure-
ments of fractional Shapiro step are commonly used to
identify nonsinusoidal CPRs in highly transparent SNS junc-
tions [67] or in junctions incorporating ferromagnetic layers
[8,9,68,69] or those exhibiting exotic superconducting states
[70,71]. Geometric or intrinsic capacitance [57,72—75] and
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FIG. 3. (a) Shapiro maps at different temperatures 7 = (75 mK, 400 mK, 800 mK, 1.0K, 1.3K, 1.5K) at f = 1.75GHz. (b) Step
width for n = 0 (left) and n = 1/2 (right) extracted from the temperature maps show in (a). As temperature increases, a monotonic decrease
is observed for n = 0, while a nonmonotonic evolution with a maximum at 400 mK is observed for n = 1/2. Traces are offset for clarity,
with an offset of 50 nA (left) and 5 nA (right). (c) Step widths displayed on a semilog scale as a function of 7 for integers n = 0, 1 (top) and
half-integers n = 1/2, 3/2 (bottom). Microwave powers Prg = 0 dBm for n = 0, Prr = 8 dBm for n = 1, Prg = 5.5 dBm for n = 1/2, and
Prr = 11 dBm for n = 3/2. (d) Step width of half-integer n = 1/2, 3/2, 5/2 (top) and integer n = 0, 1, 2 (bottom). Each trace is a horizontal
slice of Fig. 2(c). The dashed black lines represent the numerical simulations obtained from the extended RCSJ model using the nonequilibrium
CPR shown as the thick gray line in (e). The dashed gray lines represent the simulations using the equilibrium CPR. (e) CPRs under microwave
irradiation for r = 0.98 and driving w = 1.3 at different temperatures (kg7 = 0.05, 0.1, and 0.5 A*) are depicted by light to dark orange lines.
The dashed gray line represents the equilibrium CPR at w = 0 and k3T = 0.05 A*, for the same value of 7. The thick gray line represents the

effective nonequilibrium CPR used in (d).

circuit feedback [40,76,77] can also contribute to the appear-
ance of fractional steps or hysteretic behavior. Subharmonic
structures may also indicate a unique mode of a more com-
plex circuit network, as seen in junction arrays [78-83]
and superconducting quantum interference devices (SQUIDs)
[80,84,85]. These manifestations are also visible even in the
absence of multiple superconducting terminals, as in grain
boundary or step-edge junctions [86-89], as a consequence
of the complex evolution of multiple phase-locked states.
The fractional steps reported in the previous examples,
including both ballistic and diffusive SNS junctions, are as-
cribed to the equilibrium properties of the supercurrent and
can be understood within a phenomenological extended re-
sistively and capacitively shunted junction (RCSJ) model,
which takes into account the dissipative environment sur-
rounding the junction, as depicted in Fig. 1(c) [3,40,41]. In

the phase-particle picture, neglecting capacitive effects, the
phase evolves in a washboard potential that is tilted by the
applied bias current and modulated by the time-dependent
drive. Shapiro steps arise as time-dependent phase slips be-
tween the minima of the Josephson potential, and for a typical
sin(¢) CPR, integer steps arise as 27 n phase slips. Within this
picture, half-integer Shapiro steps require an energy-phase
relation that displays a secondary minimum and arise when
the second harmonic of the CPR is stronger than the first
one.

However, a microwave drive can also significantly alter the
supercurrent’s steady-state behavior, exciting nonequilibrium
supercurrents [5,37,62-66,90-97]. The adiabatic changes in
the ABS energies, as well as the multiple transitions induced
by microwave photons between the ABSs or between the
ABSs and the continuum, can result in a nontrivial dynamics
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of the supercurrent-carrying states [62,93,95,96]. Such effects
can give rise to highly distorted CPRs, which exhibit sign
reversals of the supercurrent and m-periodic oscillations at
twice the Josephson frequency [5,63,64,90,92,94,98].

We notice that in the experiment the induced gap A* ~
280 ueV (67 GHz), so that we cover values Af >~ 0.03 A*. In
an effort to capture the emergence of half-integer Shapiro
steps, we describe the junction dynamics by adiabatically
incorporating nonequilibrium effects into the RCSJ model of
Fig. 1(c) through a single effective CPR. The latter is provided
by the thick gray line in Fig. 3(e), and its origin will be
discussed later. In Fig. 3(d) we plot the step width for integer
and half-integer values of n vs Prp, obtained as horizontal
slices of Fig. 2(c) at constant V. The dashed black line in the
figure shows the results of the simulation using the effective
nonequilibrium CPR, while the dashed gray line represents
the equilibrium one. Although the equilibrium CPR effec-
tively reproduces the integer steps in the oscillatory pattern
(bottom row), it completely fails to capture the half-integer
steps (top row). This is despite the presence of higher-order
harmonics in the highly skewed CPR, which are often at-
tributed to the origin of half-integer steps [67].

To gain further insight into the origin of such a distorted
CPR, we used a tight-binding method within the Keldysh-
Green’s function approach [93,96] to numerically calculate
the current-phase relationship of an SNS junction irradiated
by a microwave tone. The model describes a single-channel
Josephson junction with an arbitrary junction transparency
7 and gap A*. The microwave driving is included as a
time-dependent modulation of the phase difference across the
junction with amplitude w = eVgp/hf. Figure 3(e) shows the
simulated CPR for microwave irradiation of 2f = 0.1 A* at
a microwave driving of w ~ 1.3 and v = 0.98 for different
temperatures. The dashed gray line represents the equilib-
rium CPR. The microwave irradiation significantly alters the
CPR, boosting a strong second harmonic, which results in
the development of an additional minimum. This provides
insight into the origin of the effective nonequilibrium CPR
used in the RCSJ model. The wiggles in the CPR are due to
nonequilibrium population of Floquet sidebands produced by
the microwave driving and disappear at temperatures on the
order of the driving frequency, kg7 ~ hf. In turn, the sec-
ondary minimum is robust and still visible at kg7 = 0.1 A*,
as shown in Fig. 3(e), and it qualitatively agrees with the
robustness of the half-integer steps with respect to temper-
ature. In Appendix H we detail the theoretical model and
present additional simulations showing that reducing the junc-
tion transparency results in the disappearance of the CPR’s
secondary minimum (Fig. 13).

The outlined procedure should be regarded as an attempt
to reconcile the results of the adiabatic approximation, typical
of the RCSJ model, with the microscopically calculated CPR
in the presence of microwave driving and in the absence of
a steady voltage across the junction. In particular, the model
reproduces the two-minima shape of the effective nonequi-
librium CPR only within a limited range of w values, which
is inconsistent with the experimental observations and high-
lights the limitations of the present description. Alternative
phenomenological theories of nonequilibrium supercurrents
have been proposed [5,63,90] which model the system by

considering both the ABSs and their occupation distributions
oscillating at the Josephson frequency. The specific structure
of the ABSs, including the effects of finite junction length or
ballistic quasi-two-dimensional transport, may be responsible
for the discrepancies between different predictions, which
calls for more comprehensive theories.

In conclusion, we have investigated a highly transmissive
Josephson junction made of an InSb nanoflag with Nb con-
tacts. Our results indicate strong evidence of parallel transport
in both long and short conducting channels, confirmed by
the temperature-dependent supercurrent and magnetic field
interference. Under microwave irradiation, we observe strong
half-integer Shapiro steps, showing a nonmonotonic temper-
ature evolution that points to nonequilibrium effects induced
by the driving. The observed phenomenology is only partially
captured by the predictions based on the adiabatic approxi-
mation in terms of a nonequilibrium CPR. Further theoretical
developments are needed to address the presence of strong
second harmonic supercurrents in ballistic, highly transparent
SNS junctions. Future experiments should investigate the po-
tential of InSb nanoflag Josephson junctions for exploring the
coherent manipulation of Andreev states and their nonequilib-
rium dynamics.
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APPENDIX A: SAMPLE INFORMATION
AND MEASUREMENT TECHNIQUES

The InSb nanoflags utilized in this work have been ex-
tensively described in previous studies [23,28]. They are
defect-free structures that exhibit excellent electrical proper-
ties, including high mobility (up to 29500 cm V=2 s~ ') and a
large mean free path (/, ~ 500 nm) at T = 4.2 K. The devices
were fabricated by placing nanoflags on a p-doped Si/SiO;
substrate, which served as a backgate, and connecting them
with 150nm of Nb deposited via DC magnetron sputtering
at a deposition rate of approximately 1nms~! in a cham-
ber with a base pressure of 2 x 10~% mbar. Prior to metal
deposition, a passivation step was performed to improve the
semiconductor-metal transparency. The critical temperature
of Nb was measured to be 8.9 K on two independently con-
nected electrodes on the same device, corresponding to a
gap A = 1.76kgT. ~ 1.35meV. Further information on de-
vice fabrication can be found in the supporting material of
Refs. [30,31]. We conducted transport measurements using a
low-temperature Leiden Cryogenics dilution refrigerator with
a base temperature of 75 mK. The cryostat is equipped with
a three-level filtering system, comprising 7 filters at room

033015-6



HALF-INTEGER SHAPIRO STEPS IN HIGHLY ...

PHYSICAL REVIEW RESEARCH §, 033015 (2023)

V=10V Ve=30V Ve=40V
= O 1@ :
E 0_ %7 "ii/ 1.2 kQ °7
= 54 I e 285 nA ]
- —————r el i — 25—
2 0 2 -2 0 2 -2 0 2 -2 0 2
I (uA) I (uA) I (uA) I (uA)
200
L
— 150
[ 4
g ] = Switching /sy
§ 100_: —— Retrapping /1
:g 50
G ]
+r-:-- ¥ F—F————————

40
Ve (V)

FIG. 4. (a)-(d) Sample I-V traces for different V; values (10, 20, 30, 40) V. The black dashed line is the linear fit to the Ohmic region used
to extract Ry and /.. (¢) Full backgate dependence of the switching and retrapping current in the same gate voltage range.

temperature as well as cryogenic w and RC filters at base
temperature. The V(I) curves were acquired in a standard
four-wire configuration, with the junction current-biased us-
ing a Yokogawa GS200 voltage source over a 10 M2 resistor.
The voltage drop over the junction was amplified by a factor
1000 using a room temperature DL1201 voltage preamplifier
operated in battery mode and acquired by an Agilent 34410
multimeter. We applied voltage to the backgate using a Keith-
ley 2602 voltage source. Microwave signals were applied
using an R&S SMR20 microwave source to an attenuated
semirigid open-ended coaxial cable in close proximity to the
sample holder, which had been attenuated by 20 dB and 10 dB
at 3K and Cold plates, respectively. For measurements in
magnetic field, we used a low-noise Keithley 2400 sourceme-
ter connected to a 2 T American Magnetics magnet.

APPENDIX B: DEPENDENCE ON BACKGATE VOLTAGE

Figures 4(a)—(d) display V() curves in a higher current
range at different backgate voltages V; ranging from 10 V to
40 V. For negative gate voltages, the InSb nanoflag is insu-
lating, and no supercurrent can flow. The black dashed line
fitted to the Ohmic region allows obtaining the normal state
resistance Ry and excess current Iex.. In Fig. 4(e) we present
the switching current [, and retrapping current /,, over the

v (€4/h)
lexc (NA)

G

Ve (V)

same range of gate voltages. The switching current I, de-
creases from 170nA to 75nA as the gate voltage is varied,
while the retrapping current /,, remains roughly constant at
approximately 30 nA.

Figure 5(a) depicts the evolution of Ry and Gy = 1/Ry as
a function of Vi, with the resistance decreasing from 3 k€2 (at
Ve =10V) to 1 k2 (at Vg =40 V). The high transparency
of the junction is confirmed by the high values of the ex-
cess current I and the [, Ry product. Figure 5(b) shows
the excess current as a function of Vi in the same range.
The product I.x.Ry remains roughly constant at about 350 uV
(1.2 A*/e) over the entire gate voltage range, close to the
theoretical value of 8/3 A*/e predicted for the ballistic case
[Fig. 5(c)] [99]. Moreover, the product I, Ry is expected to
be I, Ry = 10.82 E7; /e for a long diffusive junction in the
limit A* > E7j, [48]. In our device, Iy, Ry varies from 180 uV
to 250 uV (7 — 10 E7y/e) [Fig. 5(d)]. Additionally, we can es-
timate the transparency of the superconductor-semiconductor
interface to be yg ~ 7 [100], which is almost half the value
reported in [30], confirming the increased transparency.

APPENDIX C: MAGNETIC INTERFERENCE MAPS

Figures 6 and 7 present additional measurements of
magnetic interference patterns at different temperatures,

250

elexcRN/A
IswRin (UV)
elswRN/Em,

200

FIG. 5. (a) Normal state resistance Ry, (b) excess current I, (¢) lexcRy product, and (d) /;,, Ry product plotted as functions of the backgate

voltage V.
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FIG. 6. Magnetoresistance maps at temperatures of (a) 300 mK, (b) 500 mK, and (c) 800 mK. Below each panel, a zoom-in on the low-bias

region shows the behavior of the side lobes with respect to T'.

T = (300, 500, 800) mK, and backgate voltages, Vi =
(30, 20, 10) V. The magnetoresistance maps in Fig. 6 demon-
strate a decrease in the Gaussian-like contribution as the
temperature increases, further confirming that the exponential
suppression of I, is related to states in the long junc-
tion limit. The Fraunhofer diffraction side lobes remain
unchanged up to a temperature of 500 mK, consistent with
the limited dependence of I, (T ) for modes in the short junc-
tion limit, and eventually begin to disappear only for T >
800 mK.

Figure 7 shows the magnetoresistance evolution in V.
States in the long junction limit are more sensitive to changes
in the semiconductor depletion level at low gate voltages Vg,
as evidenced by the corresponding changes in the Gaussian

amplitude. Only a little variation of the Fraunhofer diffraction
lobes is observed, confirming the high homogeneity of the cur-
rent density in the short junction area between the electrodes.

APPENDIX D: SHAPIRO MAPS AT FINITE
MAGNETIC FIELD

Figure 8 depicts the Shapiro maps obtained at a frequency
of f = 1.75 GHz for different out-of-plane magnetic field val-
ues ranging from 0 to 11 mT. As the magnetic field suppresses
1., the reduced drive frequency Q = Zeig 7 increases, and
the V() maps follow the Bessel function dependence on the
applied RF power [40,41].

R (kQ)

R (kQ)

FIG. 7. Magnetoresistance maps at backgate voltage Vi of (a) 30 V, (b) 20 V, and (c) 10 V. Below each panel, a zoom-in on the low-bias

region shows the behavior of the side lobes with respect to V.
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FIG. 8. Shapiro maps at f = 1.75 GHz for various out-of-plane magnetic field strengths B ranging from 0 to 11 mT.

APPENDIX E: SHAPIRO MAPS AT DIFFERENT
BACKGATE VOLTAGES AND TEMPERATURES

The evolution of the half-integer steps is robust in temper-
ature and backgate voltage, as detailed by the scans in Fig. 9
for Vg = 40V (top row) and Vi = 10V (bottom row).

APPENDIX F: SHAPIRO MAPS AT ZERO CROSSING STEP

We present in Fig. 10 a more detailed scan of the Shapiro
map at f = 1.75GHz, covering a restricted range of mi-
crowave power and currents as shown in Fig. 2. Zero-crossing
steps (red line) are visible as a result of the overlapping

41 lobes. The presence of zero-crossing steps has been ex-
tensively investigated in Larson et al. [41] and explained as
a consequence of the shunting RC environment and the high
I.R; product.

APPENDIX G: DATA FROM AN ADDITIONAL DEVICE
WITH LOWER TRANSPARENCY

An additional device has been measured in a similar way,
which had a 5 nm Ti adhesion layer embedded under the nio-
bium layer. In this case, only weak signatures of half-integer
steps are visible, as can be seen in Fig. 11.

Vg =40V

10
Ppge (dBm)

R (kQ)

R (kQ)

FIG. 9. Top row: Shapiro maps at f = 1.75 GHz for different temperatures of 0.1 K, 0.8 K, and 1.3 K at a backgate voltage of 40 V.

Bottom row: same maps for a backgate voltage of 10 V.
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FIG. 10. Left: A zoom-in view of the Shapiro maps at f = 1.75 GHz, as shown in Fig. 2, highlighting the zero-crossing steps and providing
finer details of the half-integer plateaus. Right: The red and blue V (/) cut shown on the left for Prr = 9 dBm and Prg = 12 dBm, respectively.

APPENDIX H: THEORY

1. CPR under microwave irradiation

Our microscopic model for a microwave-irradiated Joseph-
son junction is based on Refs. [93,96,101] and consists of
a highly transparent junction, with a short ballistic region
between the left and right superconducting leads (L and R,
respectively), as schematically displayed in Fig. 12(a). We
describe the system through the 1D tight-binding Hamiltonian
H=H; +Hp + Zg(vczacRa + v*cjaﬂcw), where the left
and right leads are described by H, = —p ), cl,nﬁgca,n,a —

1Yo (Ch g nCaontt +HC) + Ay Y, th’n’Tth’n’¢ + Hec.,
with ¢ and ¢’ being the annihilation and creation operators
for particles with spin ¢ in the superconducting leads and
Ay, = Ae', with g — ¢, = ¢ their phase difference. The

normal state transmission of this single channel model is

2
r= (li((’;//v;,))z)z,wherew = 1/(pr) = /4> — i2/2 and pr

is the density of states at the Fermi energy in the leads. The
current takes the form [(z) = %Zg(vczgclgg — v*c}eacLa),
and under microwave irradiation, the phase difference ac-
quires the time dependence ¢(t) = ¢y + 2w sin(2x ft) with
w = eV, /hf, so that v — ve?®)/2,

The microwave source can inject and absorb photons
of frequency f, so that an incident carrier with en-
ergy € can be scattered into states with energy € + nhf.

-10
Pgr (dBm)

Introducing the Floquet sidebands, which are replicas of
the system shifted in energy by nhf, the hopping term .z
can couple different sidebands 9, ,, = [ dre!™™> /19 (1) =
T (w)e0/? 0
v( 0 —Jpn(w)e
tions of the first kind, and we have absorbed the possible
phase of v in the phase difference ¢y. The hopping between
the L and R leads acquires a matrix structure that connects
the rightmost site in the L lead and Floquet band n with the
leftmost site of the R lead and Floquet band m, as schematized
in Fig. 12(b).

We now apply the microscopic theory and calculate dif-
ferent CPRs under microwave irradiation. In the absence of
driving (w = 0), the model accurately reproduced the CPRs
of the junction in both the highly transparent and tunneling
regimes by varying the ratio v/¢, as shown in Fig. 13(a), and
for different temperatures, as shown in Fig. 13(b). We then
apply increasing microwave driving and observe a second zero
of the CPR in the interval 0-7r, along with a region of negative
current for positive phase bias, which indicated the occur-
rence of a secondary minimum [Fig. 13(c)]. At high driving
amplitude, the CPR exhibits wiggles due to the presence of
Floquet sidebands, which decay with temperature, as shown
in Fig. 3(e). Finally, Fig. 13(d) shows that the CPR loses
its secondary zero for low transmission. These features are
qualitatively similar to those observed in the additional device

—in2), Where J,(w) are Bessel func-

R (kQ)

-5 0

FIG. 11. Shapiro maps for f = 1.25, 1.50, and 1.75 GHz for a device with reduced transparency.
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(a)

Left SC lead Right SC lead

Vei(/)(l)/Z

Floquet bands

MW-induced interband hopping

FIG. 12. (a) 1D tight-binding model describing the Josephson
junction. The driving appears as a time-dependent phase in the left-
right hopping amplitude. (b) Floquet side bands shifted in energy
by nhf. The different bands are coupled at the interface by the
time-oscillating phase.

reported in the experiment. Including additional bands up to
six does not qualitatively change the discussion above.

2. RCSJ model

In the previous section, we described the microscopic
theory of nonequilibrium supercurrents in a microwave-
irradiated Josephson junction in the presence of an AC voltage
bias. However, modeling the time-dependent phase dynam-
ics in the presence of nonequilibrium effects, particularly
for the experimentally relevant current-bias scenario, is more
challenging. Moreover, we find that the environment sur-
rounding the junction plays an important role, as confirmed
by the deviations from the Bessel regime and the presence
of zero-crossing steps. We opted for a simplistic approach
that employs a modified version of the resistively and capac-
itively shunted junction (RCSJ) model, which includes the

(a) (b)

0549 2

& 051 A
'q 0 0
k)
< 054 V ~0.5- ¢
T T
0 05 1 0 05
—_ V/t=1 kgT=0.05A
— V/t=0.8 — kgT=0.3 A
v/it=0.6 — kgT=05A
=== sin

dissipative environment surrounding the junction [3,41] and
incorporates the nonequilibrium effects only in a single effec-
tive CPR. Despite the simplicity of the assumptions, we are
able to capture the main findings of this work. The junction,
which has a critical current /., is shunted by a capacitance
C; and resistance R;, and is additionally shunted by an RC
environment represented by a parallel capacitor C and resistor
R. The entire circuit is biased by a current /, which accounts
for the external DC and AC bias. The equations for the current
I and the voltage V, shown in Fig. 1(c), are

I = Ipc + Irp sin 27 ft)

h do

hC; d*¢
2€Rj dt

e dr?

fle dz(p
—— ), (H1
+ 2e dt? (HD)

dv
=C—- +CPR(p) +

v="49%  p(cPrp)+
T 2e dt ¢

h do
2eRj dt

where ¢ is the macroscopic phase difference across the
junction, Ipc and Igr are the DC and RF current biases,
respectively, and CPR(g) is the junction’s current-phase rela-
tionship. We use a fourth-order Runge-Kutta method to solve
for ¢(¢) and obtain the DC voltage across the junction as
Vi = (%)

In the limit of small /., the Shapiro map follows the Bessel

function dependence, with steps centered at [, = % and an
J

extension of ~1.|J,,(2w)|, where V,, = n% and w = eVac/hf.
Figure 14(a) shows the Shapiro map at lower /. with an ap-
plied external magnetic field of B = 5 mT. From the position
of the centers, we can extract R; ~ 420 Q (dotted white lines),
while the continuous lines show a good agreement with the
Bessel behavior, depicting the amplitudes I.|J,(2w)|, with
Vie = a x 107%%7/20 o ~ 0.8 and I, ~ 10nA.

Figures 14(b) and 14(c) show the complete maps for the
simulation presented in Fig. 3(d) for the equilibrium and
nonequilibrium CPRs, respectively, obtained by the model
in Eq. (H1). While the equilibrium CPR well describes the
overall trend, it completely lacks half-integer steps, which are
instead captured by the effective nonequilibrium CPR. This is
despite the presence of higher-order harmonics in the skewed
equilibrium CPR. In the simulation, we estimate the geometric

(c) (d)

05 0.1+
1 J - _v&
-0.5
-0.1
T T
0 0.5 1 0 0.5 1
@ (2m)
— w=0.3 tw=1
w=0.6 — tiw=0.8
w=1.0 — tiw=0.6
— w=13 — t/w=0.3

FIG. 13. Different CPRs: (a) in the absence of microwave irradiation for different transparencies, (b) in the absence of microwave
irradiation for different temperatures, (c) for different microwave drive strengths at v/t = 1, and (d) for different transparencies at driving

w = 1.3.
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FIG. 14. (a) Experimentally measured Shapiro map in the Bessel regime at B = 5mT. The dotted white lines are used to extract R;, while
the continuous lines show the dependence on the Bessel function J,,. (b) Numerical simulation of the Shapiro map with the equilibrium skewed
CPR. The amplitudes of the harmonics are /. , = (0.91, —0.33, 0.19, —0.12, 0.09, —0.06, 0.04, —0.03, 0.03, —0.02). (c) Same as in (b) for the
effective nonequilibrium CPR with the amplitudes /., = (—0.38, 0.75, 0.44, 0.22).

capacitance of the junction to be ~fF and neglect C;. The
capacitance C is determined by the bonding pads’ capacitance
to the SiO, backgate, which we estimate to be C ~ 15 pF,
while the value of R is set to R ~ 150 Q2 to achieve the best

agreement with the experiment. The CPR is expressed as
CPR(p) = Y, I, sin(ng), where I, = max, CPR(¢), which
is set to 35 nA. The current Iy is given by Igg = 8 X 10%ke/20
with g8 ~ 20.
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