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The modern primary voltage standard isbased on the a.c. Josephson
effect and the ensuing Shapiro steps, where amicrowave tone applied

toajosephsonjunction yields a constant voltage hf/2e determined by

only the microwave frequency f, Planck’s constant h and the electron
charge e. Duality arguments for current and voltage have long suggested
the possibility of dual Shapiro steps—that aJosephson junction device
could produce current steps with heights determined only by the

applied frequency. Here we embed an ultrasmallJosephson junction
inahighimpedance array of larger junctions to reveal dual Shapiro

steps. For multiple frequencies, we detect that the a.c. response of the
circuitis synchronized with the microwave tone at frequency f, and the
corresponding emergence of flat steps in the d.c. response with current 2ef,

equal tothe transport of a Cooper pair per tone period. This work extends
phase—charge duality toJosephson circuits, which opens abroad range
of possibilities in the field of circuit quantum electrodynamics and is an

important step towards the long-sought closure of the quantum metrology

electrical triangle.

In quantum mechanics, uncertainty relations quantify the incompat-
ibility of quantum operators. For aJosephsonjunction, these operators
arethe charge Qandthejosephson phase ¢, whichrespect [¢, Q] = 2ie,
where eis the electron charge'”. Because of this incompatibility, the
suppression of the variance of one of these operators causes the con-
jugate operator’s variance to increase. The balance between phase
and charge fluctuations inajunction is determined by the ratio of two
energy scales, that is, the Josephson energy E; = hl/2e and the charg-
ing energy E. = €%/2C, where I_is the critical current of the junction,
Cisits capacitance and # is the reduced Plank constant’. In one limit,
E/E.>1,thevariance of ¢ is small, allowing it to be treated as a classical
variable, and the dynamics of a junction shunted by a current source
is described by a tilted washboard potential U(¢) (Fig. 1). By applying
amicrowave tone, the potential is periodically tilted; one fluxon (®,)
istransported across the junction ateach period, resultingin discrete
voltage steps (Shapiro steps) inthe /-V (current-voltage characteristics)
curve*.Incontrast, if £,/E. <1, fluctuationsin the phase are enhanced,
allowingthe charge variance tobereduced. In this limit, one expectsa

microwave drive to produce dual Shapiro steps®™; the cyclical tilting
of a potential periodic in charge can meter the transport of Cooper
pairs across the junction, resulting in current steps proportional to
the applied frequency ™.

An ultrasmall Josephson junction (UJ)) has an E)/E ratio smaller
than1. By treating the phase as an extended variable>'®, which is allowed
by the coupling to an environment”, the junction Hamiltonian reads:

H = 4Ec(Q/2€)* — E; cos(¢), o)

which, using Bloch’s theorem?, can be recast to:

H =73 U9(g), @

where we have introduced the quasi-charge g and the Bloch bands
UY®(g)'>". Here, g is a continuous variable in units of 2e and can be
physically interpreted as the displacement charge on the capacitor.
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Fig.1| The Shapiro steps and their dual. Usual Shapiro steps are realized by
periodically tilting the washboard potential of aJosephson junction with £, > E...
Since the phase is a well-defined variable, the driving of the potential yields
steps of constant voltage @.f (where @, = h/2eis the flux quantum) that are
precisely determined by the metered transport of fluxons. In contrast, the dual

q (2e)

phenomenon (right side) uses the lowest Bloch band of ajunction with £, < E
(higher bands in the picture are shown only for illustrative purposes). With
charge as the well-defined variable, current steps of value 2ef determined by the
cyclictransport of Cooper pairs appear: the dual Shapiro steps.

Asthisjunctionisembeddedin anenvironment ofimpedance R, ther-
mal and quantum fluctuations can further increase the charge vari-
ance”*, Here, charge fluctuations are bounded by the energy-time
uncertainty relation AEAT > h, where the charging time of the junction
capacitanceis At=RC.Hence, largeimpedanceis necessary toreduce
the charge fluctuations, in particular to have AE < E. requires,
R> h/4€* ~ 6.45 kQ, the quantum of resistance. Additionally, to suppress
thermalfluctuations, one has to cool the environment to ultra-cryogenic
temperatures T < E./kg, where kg is Boltzman constant. Under these
conditions, the chargeislocalized and can thus be treated as a classical
variable. Q is well approximated by g as its dynamics is restricted to
the first Bloch band (s = 0), thereby realizing the periodic potential
U(Q) =~ UO(q) = E, cos(mQ/e) —dual to U(g) (Fig. 1) The periodic
potential corresponds to a non-linear capacitance—dual to the
non-linearinductance typically associated with aJosephson junction.
Table1summarizes the dual transformations inJosephson circuits*.
Along these lines, the amplitude of the first Bloch band is related to
thecritical voltage V. = £ y/e, the minimum voltage required for a flow
ofd.c.currentacrossthejunction. V.is dual to the critical current, the
current below which no voltage is generated®. Upon the application of
ad.c.current, the system exhibits Bloch oscillations'>*, thatis, voltage
oscillations arisingin the presence of a constant force,aphenomenon
dualtothea.c.Josephson effect. If these oscillations are synchronized
with an external tone, they yield dual Shapiro steps'*'>?°.

Prior work has demonstrated some of the essential components
for the exploration of Josephson circuits’ duality. A charge periodic
potential hasbeen obtained in UJJs*** or nanowires® . Large imped-
ance environments have been realized by using resistors”, suspended**
orlow dielectric constant® substrates, high kinetic inductance mate-
rials*******” or metamaterials®?>****°, Despite this progress, a clear
demonstration of dual Shapiro steps is still missing. In this work, we
harness techniques from circuit quantum electrodynamics* to study
the interplay of microwave drive and d.c. bias of an UJJ embedded
in a superconducting high-impedance environment. Utilizing low
noise microwave spectroscopy, we observe the onset of a microwave
mode synchronized with an external tone. In turn, we observe current
plateaux proportional to the frequency of the microwaves. These two
experimental observations are consistent with synchronized Bloch
oscillations and dual Shapiro steps.

Figure 2 shows the device used in this work, which we refer to as
aBlocharray, consisting of a superconducting quantum interference
device (SQUID) formed by two ultrasmall junctions surrounded by
two linear JJ superinductances which provide the high impedance

Table 1| Summary of dual transformations in a Josephson
circuit

Dual transformations

EJEg>1 E/EcsT

Classical (localized) g

First Bloch band U(Q)

Classical (localized) ¢

Tilted washboard U(¢)

Non-linear inductance Non-linear capacitance

Critical current I, Critical voltage V,

A.c. Josephson effect Bloch oscillations

Fluxon transport Cooper pair transport

Shapiro steps Dual Shapiro steps

environment. The array consists of Al/AlIO,/Al junctions in a stripline
geometry on a fused silica wafer, which reduces the capacitance to
ground*. The SQUID is formed by junctions with area 0f 0.2 x 0.2 um?
(E)/E. ~ 0.4) each, and the superinductance comprises an array of
N,/2=3,500 junctions with an area of 1 pm? (E/E; ~ 250). The array’s
first junctions reported in the figure are slightly larger than the ones
in the rest of the device (not shown). This is not expected to result in
any difference. From these parameters, we estimate a first Bloch band
width of E,/h =2.5 GHz and a minimum gap of 7.9 GHz between the
first and the second Bloch band. The characteristicimpedance and
inductance of each superinductance are Z=14.8 kQand L/2 = 6.6 pH,
respectively. A scanning electron microscopy (SEM) image is shown
in Fig. 2b. Further details are given in the Methods section. The Bloch
array is studied with an experimental setup allowing for simultane-
ous d.c. and radiofrequency (RF) measurements (Fig. 2c). Measure-
ments are performed at the base temperature of a dilutionrefrigerator
with T~23 mK.

Wefirst examine the d.c. and RF response of the Bloch array sepa-
rately. The/-Vcurveis obtained by biasing the device with the voltage
V, and reading out the corresponding current /,. Here, we consider
|Vol <10 mV, while the whole /-V curve is described in the Methods
section. As shown in the plot, the current-voltage characteristics
exhibits several current peaks*** evenly spaced by 24, the supercon-
ducting gap of aluminium. These peaks canbe understood as follows:
Whenavoltageisapplied to the Bloch array, one of the junctions (J,) is
biased to the sub-gap state, behaving as a large series resistance, and
the flow of current is suppressed. Consequently, V, drops on J, until
it reaches the gap. When V,, = 24, J, turns normal conducting, and /,
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Fig. 2| Overview of device and measurement setup. a, Circuit schematic of the
Bloch array. b, SEM image of the UJJ and of the beginning of JJ arrays nominally
identical to the one under test. ¢, Simplified schematic of the measurement setup
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including the device, bias tees, damping resistors, d.c. and RF electronics, and a
vector network analyser (VNA). In all the panels (a,b,c), the UJJ is shown in orange
andthe]J array inblue. Circled A, amperometer; V, is a voltage source.
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Fig.3|D.c. and RF characterization of the Bloch array. a, The low voltage /-V curve detailed in the text. Inset: Schematic showing the switching mechanism of the
junctionsin the array with aband model. The dashed line is a guide to the eye. b, The microwave transmission of the Bloch array’s fourth mode doublet, with the voltage

profile of odd and even modes below.

sharply increases until a second junction J, is biased into the sub-gap
state, introducing again a large series resistance and suppressing the
current. To turn both the junctions resistive, the voltage needs to be
44, and the process repeats. A schematic of this mechanism is shown
Fig.3a (inset). This successive switching resets the voltage drop across
thejunctions every 2A. In this way, the same physics, and in particular
the low voltage physics, repeats at voltages modulo 24 as one more
junctionswitches to the normal state per step. Resistively and capaci-
tively shunted junction (RCSJ) simulations of a voltage-biased ] array
(Methods) are in agreement with our observations.

The microwave transmission of a Bloch array exhibits mode dou-
blets, one with odd and one with even symmetry** (Fig. 3b). The odd
modeiscoupledtothe UJJ at the centre of the array, while the even one
isnot, as comprehensively discussed by Leger et al.”>. The frequency of
the odd mode s lower than that of the even mode, which is consistent
with the presence of a capacitive element between the left and right
superinductances. This agrees with duality considerations, according
towhichthe UJJ should behave as anon-linear capacitance. Leveraging
the d.c. and microwave capabilities of our setup, we investigate the
effect of anapplied voltage on the modes of the Bloch array. By measur-
ingthe transmission coefficient S, as afunction of V,, we observe that,
betweentwo current peaks, the doublet s visible yet starts to degrade
when current flows through the array. The mode doubletis replicated
after every 24 switch, compatible with the mechanism depicted by the
I-Vcurve. The full measurement is detailed in the Methods section and
in Extended Data Fig. 5.

We now study the behaviour of the Bloch array in the presence of
anadditional applied microwave tone. Figure 4a shows the microwave
transmission of the Bloch array near the mode doublet at 4.1 GHz for
different frequencies fof the microwave tone with power p =-5.0 dBm.
We observe that the array odd mode is influenced by the microwave

tone and drifts away from f, in a mode repulsion fashion. A mode
synchronous with the pump appears when the frequency exceeds
approximately 4.02 GHz and fades around f ~ 4.11 GHz. This behaviour
is further studied by varying p at f=4.04 GHz (Fig. 4b). At low power,
the array is essentially unaltered by the tone, until p reaches 20 dBm
and the spectrum shows a profile corresponding toaFano resonance,
whose maximum-to-minimum separation increases with p. The most
noteworthy feature is at p ~ =5 dBm (Fig. 4c). We clearly observe a
microwave mode with a Lorentzian shape and linewidth of about1 MHz,
centred at f, which disappears at higher p. We refer to this feature as
aBloch mode, asit is consistent with Bloch oscillations synchronized
with the external tone®.

Focusing on this microwave synchronized Bloch mode
(f=4.04 GHz, p=-5.0 dBm), we now examine the /-V characteristic of
the Bloch array under microwave irradiation (Fig. 4d). The/-V charac-
teristic presents awide central region with no current or supercurrent
peaks. Outside this central part, we observe that, for both positive and
negative voltage, current plateaux form before the 24 current peaks.
The current corresponding to their flatter part is 2ef within a 0.1%
accuracy. These observations are supported by simulations (Methods)
showingthat the steps should emerge as aflat current region immedi-
ately before the upward slope of the 24 peaks.

Figure 5 displays a more detailed investigation of these current
steps. Figure 5a shows the heights of three different current plateaux
versus p, which have a saturation point at p = -5dBm and /, = 2ef. The
tone power p influences the height of the step, and the flatter quan-
tized steps are obtained only for agiven power range, inafashion very
similar to what is observed for standard Shapiro steps*®. To further
assess the stability of the step, we modulate the microwave power
pand measure the corresponding /, variation with alock-in amplifier.
Theresultisdisplayedin Fig. 5b and shows that d/,/dp falls to the noise
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Fig. 4 |Emergence of Bloch oscillations and dual Shapiro steps. a, The
frequency of the external tone fis changed to observe its effect on the
transmission spectrum of the Bloch array. b, A similar measurement where we
vary the power p of the tone at fixed frequency f= 4.04 GHz. ¢, The transition
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between tone interference and microwave mode is clearly visible in this plot
showing the dashed rectangleinb.d, The /-V characteristics measured for
f=4.04 GHzand p =-5.0 dBm. Between two current peaks, the plateaux current
is+2ef (dashed grey lines).
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Fig. 5| Current plateaux at different microwave tone frequency and power.

a, The average plateaux current at different microwave powers p for three
voltages. b, Lock-in measurement collected by modulating the microwave power
pand detecting the corresponding current variation at V, = 2.4 mV. ¢, For three
different values of f, we follow the procedure described in the text to observe

current plateaux whose amplitude correspond to the one of the first dual Shapiro
step (dashed grey line). Inset: The relation between the step current/;and the
tone frequency. The fitted slope is consisted with 2e. The red point’s /-Vcurveis
omitted for clarity (see Methods section for further details).

floor at p ~ -5 dBm, suggesting a current that is independent of the
microwave power. The noise floor is estimated by performing the same
measurement at a much higher power, which completely suppresses
the peaks. The emergence of the Bloch mode, the current saturation
and the minimum ofthe d/,/dp curve happeninthe same power range,
suggesting that this is the quantum-locking range of our device.
Microwave power is delivered to the UJJ when the tone is on reso-
nance with the odd microwave mode of the array. Utilizing microwave

spectroscopy, we identify other suitable working points (Methods),
corresponding to different mode doublets of the Bloch array.
Figure 5c shows the lowest bias voltage current step common to three
additional frequencies. The parameters and additional measurements
used to obtain these curves are detailed in the Methods section, and
inparticularin Extended Data Fig. 6. For a total of four mode frequen-
cies, we observe that /, flattens at the corresponding 2ef for f=3.20,
4.04, 5.45 and 6.46 GHz. Finally, Fig. 5c (inset) shows the frequency
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dependence of /,, the average current on the flat part of each step.
Through the slope of the fitting line, we can estimate a Cooper pair’s
charge of (3.23 + 0.07) x 10" C. Even though the measurement was not
optimized, the average deviation from the expected current
6/=1,/2ef-1onthe4 GHzstepis <5/2>1/2 < 0.001, limited by the setup
noisein an averaging time of 1 min (Fig. 5c, inset). Steps of higher cur-
rentare desirable for metrological applications. This could be achieved
by increasing Fyand E. proportionally. Alarger E;would provide a higher
critical current of the UJJ while keeping a negligible Landau-Zener
transition rate. Then, Ec must also be increased to keep F/Ec~1and a
proper charge dynamics.

The environment of the UJJ, formed by the Josephson junction
arrays, does more than provide the highimpedance required for charge
localization. As discussed above, the switching of the junctionsin the
array absorbs the majority of the applied voltage, allowing the UJJ to
remain in the superconducting state even at high V,,. Furthermore,
the microwave response of the device allows us to selectively apply a
microwave drive to the UJJ, causing the formation of the Bloch mode
and the corresponding onset of current steps. In contrast, no effect is
observed when driving the even mode that does not couple to the UJJ.

We also compare briefly with the work of Shaikhaidarov et al.,
where quantized current stepsin asuperconducting nanowires system
were observed. Withrespect toJosephson junctions, nanowires show
a higher working frequency and a wider dynamic power range*’. On
the other hand, the steps achieved in this work are substantially flat-
ter, and aJJ device can be thoroughly characterized and, in principle,
entirely described by amicroscopic model. The evidence of'this effect
intwo different platforms further strengthens the underlying theory.

In the quantum metrology electrical triangle, voltage and fre-
quency can be related via the a.c. Josephson effect, while current and
voltage via the quantum Hall effect. Here, we study the third edge of
the triangle by relating current and frequency via the charge 2e of a
Cooper pair, the last coherent effect needed to close the triangle. Our
work highlights how the Bloch array can be harnessed to engineer
dissipation, thereby resolving charge at the expense of phase fluctua-
tions, aregime dual to whatiscommonly achieved inJosephson circuits
(localized phase and large charge fluctuations). We take advantage of
this new configuration and observe quantized current steps, that is,
dual Shapiro steps. This first step in this directionindicates that therich
physics of the Bloch array will have to be fully mastered in the process
of developing the dual Josephson effect into a metrological definition
of the ampere'®*%, This also opens exciting opportunities from the
perspective of fundamental physics via tests of quantum electrody-
namics through the closure of the triangle*’ or further exploration of
phase-charge duality in Josephson devices.
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Methods

This section is organized as follows. In the first two sections, we
describe the phase-charge duality and a semiclassical model that can
giveintuitioninto the observations, and simulation results froma mini-
mal RCSJ model. In the third section, we detail the device fabrication,
parameters and experimental measurement setup. The fourth section
presents the full/-Vcurve of the device as well as its flux dependence,
while the fifth one describes the microwave properties of the device.
The last two sections display the characterization of the microwave
modes used for the observation of the current steps and their power
and flux dependence.

Semiclassical model and exact duality
ThetwoenergyscalesinajJosephsonjunctionare the Josephson energy
E,andthe chargingenergy E.. Alarge E)/E. ratiois used, for example, for
theJosephson voltage standard®® or in transmon qubits™-?, where an
almost classical behaviour of the superconducting phaseis favourable.
When £, 5 E., the charge of a single electron is relevant and quantum
phase fluctuations are not negligible. In this regime, charge dynam-
ics can be dual to the Josephson phase dynamics, provided that the
environmental impedance and inductance L are large'****'. Equation
(1) describes a particle in a one-dimensional lattice, whose spectrum
consists of Bloch bands® (Fig. 1). If the dynamics is restricted to the
first Bloch band, and the bath response is ohmic with resistance R
(ref.™), the equation of motion for the charge is given by:

LO+RO+ vcsin(gQ)= Vo + Vi, 3)

where V_isthe critical voltage of the junction, V,and V;arethed.c.and
a.c.applied voltages, respectively, and the shape of the first Bloch band
isapproximated as sin(zQ/e). Equation (3) is the exact dual to the equa-
tionof motion ofalarge E,/E ratio]J. While equation (3) does not accu-
rately model the complex physics of the Bloch array, it does provide
useful intuition and serves as a guide for choosing the system
parameters.

Following the work of Guichard and Hekking'’, we calculate the
time evolution of the system for a fixed voltage, allowing us to pro-
duce the /-V characteristic of the circuit (Extended Data Fig. 1). The
capacitively shunted junctioninseries with aresistance and aninduct-
ance system under consideration is reported in the lumped element
schematic in Extended Data Fig. 1 (inset). The usual phase dynamics
associated with the Josephson tunnelling is replaced by its dual coun-
terpart: the quasi-charge dynamics. In this way, instead of the voltage
Shapiro steps, one can expect quantized current steps. As with prior
work’®, here the signal is perturbed with the voltage noise of the resis-
tor and of the readout amplifier. The circuit parameters are the same
as the ones in the main text.

10

RCSJ toy model
The /I-V curve of the array is simulated by numerically solving the
equations of motion of achain of Njunctionsinseries withanon-linear
capacitor,aninductance and adamping resistor under a voltage drive.
Eachjunction is modelled using the RCS) model. The total current /.,
throughajunctionis thus the sumofa capacitive current/, aresistive
current lyand aJosephson current/;:
Itot = IC + IR +IJ,
Ic = gy,
L1 4
I = S@) = b, @
N

= (1= s(@) fesin (2.

where ¢;is the superconducting phase drop across the ith junction, Ry
is its normal state resistance, Cis its capacitance and /. is its critical

current. We model the gap transition of the junction through the factor
s(¢;), which goes smoothly from O when |¢;| < 2A to 1when|¢,| > 2A.
The factor then smoothly turns off the Josephson element and turns
ontheresistance. We found that the exact shape of the functions does
notimpacttheresulting /-V characteristics aslong as the transitionis
sharp. Alltheresults presented used a scaled sigmoid for the transition
function. The charge and its associated current /,,, = Q are related to
the bias voltage Vby an equation similar to equation (3):

V=13 +RQ+ Vcsin(:—;Q)+Zd),-. (5)

We then solve equations (4) and (5) using a Runge-Kutta method of
order four with a time step of d¢=0.02 RC. We then average the cur-
rent (/) to obtainits d.c. component and plot the /-V characteristic.

Due to the complexity of simulating the response of N, = 3,500]]s,
we focus on a system with N=4 junctions embedded in a circuit with
inductance L =5 pH, which captures the inductance of the remaining
JJs that form the superinductance. Additionally, we slightly vary the
critical current of each junction so as to mimic fabrication variability.
This in turn fixes the order in which the junctions become resistive:
the one with the lowest /. switchesfirst, then the second lowest and so
on. We fix the initial conditions of the simulation to be (0, 0) for each
degreeof freedomat¢=0andthenramp up the voltage fromOto Von
atimescale of approximately 10°dt.

Extended Data Fig. 2 displays the /-Vcharacteristic for the chosen
parameters, with and without an applied microwave tone. Many fea-
tures that we observe in the experimental /-V curve are qualitatively
reproduced by the simulation. First, we observe current peaks, spaced
by 24, corresponding to the successive switching of junctions in the
array. Second, when the microwave tone is applied, we observe the
formation of current plateaux just before the voltages at which the
current peaks occur. These current plateaux are repeated for each
current peak.

Other features of this simple simulation do not qualitatively match
theexperimental /-V curves. Whereas the height of the simulated cur-
rent peaksis of order /.and monotonically decreasing with voltage, the
experimental current peaks are all well below the estimated /., with
heights suppressed for small V,. This qualitative difference points to
aspects of the UJJ, whichis simplified inthe model. Moreover, it should
be emphasized that our current simulations are also simplified in terms
of noise, ground capacitance and the number of junctions simulated.

Device and experimental setup

The device consists of Al/AlO,/Al junctions in a micro-stripline geom-
etry, fabricated by using the shadow evaporation technique and elec-
tron beam lithography on a fused silica wafer. The substrate choice
is related to the minimization of ground capacitances, which, being
proportional to the dielectric constant, are reduced by about four fold
withrespecttosilicon. Reduced ground capacitance and large induct-
ance produce ahighimpedance and prevent Landau-Zener transitions
between Bloch bands, which might suppress the amplitude of Bloch
oscillations*. Details on the fabrication procedure canbe foundinthe
data repository of this work®’.

The superinductanceis formed fromJJs with capacitance C, ~ 50 fF
estimated from their area by using the expected capacitance per unit
area of o = 45 fF um™. Each UJJ has an area of 0.04 pm?, from which we
cansimilarly estimate a capacitance of C=1.8 fF.

A detailed schematic of the setup used in this work is reported in
Extended DataFig. 3. The experimental apparatus can simultaneously
performd.c.and RF measurements (Fig. 2c). Thisis achieved using two
off-chip bias-tees that decouple kilohertz frequency measurements
fromthe onesinthe gigahertzrange. The two ports of the Bloch array
are connected to the bias-tees via 50 Q-matched lines. At the lowest
temperature stage, the d.c. lines feature 45 MHz ni-filters, 50 Q damping
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resistors in series and Eccosorb filters. Further RC and mi-filters are
applied at room temperature, being the main source of damping in
the circuit. The current/,is amplified with alow noise transimpedance
amplifier, while the readout and voltage bias are performed with a
real-time analogue-to-digital converter (Adwin-Gold II).

The/-Vcurves are collected by biasing the device with triangular
voltage ramps with period ranging from 10 ms to 10 s, depending on
the measurement conditions and voltage range. To apply a magnetic
field onthe sample, we employ a supeconducting coil anchored to the
sample holder. The periodicity measured in the /-V response agrees
with that estimated by considering the SQUID area and the magnetic
field produced by the coil. Microwaves are applied to the sample viaa
high frequency line with an attenuation of about 60 dB, which is con-
nected to one of the bias-tees, while spectroscopic measurements are
performed with extra30 dB of attenuation. The second bias-tee’s high
frequency portis connected to anisolator and then to a high electron
mobility transistor amplifier working in the 4-8 GHz frequency range
and with a noise temperature of about 5 K. Further amplification is
performed at room temperature, before reading out the signal by using
avector network analyser. The setup is housed in aninverted dilution
refrigerator with a base temperature of 23 mK.

Full/-V curve and flux dependence
The current-voltage characteristics of the Blocharray are reportedin
Extended DataFig. 4. Extended Data Fig. 4a shows the /-V curves over
thelargest voltage span, which approaches the resistive branch of the
whole array at2NV,A ~ +3.2 V. At applied voltages below the gap transi-
tion, the /-V characteristic has two resistive branches and a central
plateau of about A, ~1V, where its resistance is larger than 100 MQ
(Extended DataFig. 4b). Thisisin agreement with prior measurements
and theory**, and we notice that the behaviour of this part of the /-V
curve is reminiscent of a Coulomb staircase’. At a lower voltage scale
(Fig. 3a and Extended Data Fig. 4c), more features appear****, whose
explanation is reported in the main text. Current peaks are present
whenthe voltage is aninteger multiple of 24, and their spacingis under-
stood in terms of asub-gap to aresistive switching mechanism.
Extended DataFig. 4d displaysthe/-Vcurve for the finest voltage
scale.For V, <4, we detect alow-voltage-current with non-trivial shape,
which we associate with a combination of supercurrent and inelastic
Cooper pair tunnelling”***’. Small applied magnetic fields are expected
to tune the E/E. ratio of the UJJ, while the superinductances, being
formed of single junctions, are to first order not affected. Extended
Data Fig. 4e shows the flux dependence of the low voltage /I-V curve
of the Bloch array, where at +m flux we observe suppression of the
low-voltage-current®°,

Microwave measurements of the Bloch array

Microwave spectroscopy is used to measure the resonances of the
Bloch array?. In particular, we identify several peak doublets, which
can be further studied by using two-tone measurements>®. We probe
the transmission of the array near one of the observed resonances
at 4.13 GHz and sweep the power and frequency of an additional
applied tone. When the tone is resonant with an additional mode of
the array, the transmission at the probe mode is affected. From these
data, we observe a free spectral range of about 1 GHz between two
peaks doublets, and aJJ) plasma frequency of 16 GHz, beyond which
no modes are observed. From these measurements, we obtain the JJ
inductance L, ~1.9 nH, capacitance C, ~ 50 fF and ground capacitance
C,~17x107*C,=8.7 aF. These results are in agreement with the ones
obtained by measuring the dispersion relation of aJJ array resonator
fabricated in the same batch.

Wethenextract the two superinductance’simpedance and induct-
ance /L,/C; =14.8kQ and N,L,/2 = 6.6 uH, the critical current of the
large]Js, I.= h/2el,~173 nA, and the one of the UJJs, 12 nA. The spec-
troscopic dataalso give information on the UJJs capacitance. Referring

to Fig. 3¢, the observed mode splitting yields a capacitance of about
1fF ~ C/2,inagreement with the value estimated through the ultrasmall
junction’s area.

The effect of V,, on the S,, of this mode doublet is displayed in
Extended Data Fig. 5. Here, we see how a current flowing in the Bloch
array degrades the microwave response of both modes, reducing the
transmission. The microwave mode doublet is recovered when /, is
close to zero, further confirming the interpretation of the /-V curve
reported in the main text.

Microwave modes used for observing current steps

To observe the steps at different frequencies of the microwave tone,
we identified the suitable peak doublets and their response to the
microwave tone using the method displayed in Fig. 4b. The correspond-
ing power dependence for the other observed steps are displayed in
Extended DataFig. 6.Ineach case, the characteristic shape of the power
response guides the choice of pto observe the steps, asit is verified to
always be analogue to the one in Fig. 4b.

Referring to Fig. 5c, we note that the 5 GHz step is not displayed
since the corresponding /-V curve suffers from a much higher noise
with respect to the other three. Repeated measurements show that,
with this tone frequency, the Bloch array experiences significant 1/f
noise that, shifting the position of the peaks during the measurement,
compromises the averaging reliability. For this reason, the averaging
performed on this curve is extremely limited, leading to a higher cur-
rent noise, as can be seen from the error bar in Fig. 5¢ (inset).

Data availability
Raw data, analysis scripts and additional measurements and details are
publicly available on Zenodo at https://zenodo.org/record/6913393.

Code availability
Raw data, analysis scripts and additional measurements and details are
publicly available on Zenodo at https://zenodo.org/record/6913393.
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reduced from (a) to (d); discrepancies between the current amplitude in the plots
arerelated to measurement conditions. Finally, (e) shows the flux dependence of
the Bloch array’s IV characteristic at low voltages.
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(see the main text for more details). These measurements are used to find the
correct power to obtain the locking, and thus the steps. Such power is signaled
with a dashed grey line for the modes where it could be identified, and the
resulting current plateaux are shownin Fig. 5c.
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