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Bloch oscillations are a fundamental phenomenon linking the adiabatic transport of Cooper pairs to time.
Here, we investigate synchronization of the Bloch oscillations in a strongly coupled system of sub-100 nm
Al=AlOx=Al Josephson junctions in a high-Ohmic environment composed of highly inductive meanders of
granulated aluminum and high-Ohmic titanium microstrips. We observe a pronounced current mirror effect
in the coupled junctions and demonstrate current plateaus, akin to the first dual Shapiro step in microwave
experiments. These findings suggest that our circuit design holds promise for realizing protected Bloch
oscillations and precise Shapiro steps of interest for current metrology.
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In the last decade, the international system of units has
undergone a major change by fixing the value of funda-
mental constants [1]. On the one hand, the ac-Josephson
effect is widely used to connect the voltage to frequency via
the so-called Shapiro voltage steps leading to a quantum
voltage standard [2]. On the other hand, the realization of
the ampere has been only indirectly referred to frequency,
by linking the Josephson-voltage and quantum-Hall resis-
tance standards. Referring the current directly to frequency,
thus closing the metrology triangle, is the important next
step in the reorganization of the unit system. It would allow
one to make current measurements more accurate, test the
consistency of the unit system, and detect changes in the
value of the fundamental constants over time.
The straightforward idea to define current by counting

the elementary charges e that pass per unit time is realized
in quantum pumps [3]. However, they turn out to be
difficult to realize for current values above ∼1 nA of
practical interest. An alternative idea is to use Bloch
oscillations in Josephson junctions with a small capacitance
in order to arrange a quantum coherent transport of single
Cooper pairs with charge 2e. Subjecting the junction to a
constant bias current IB, its capacitance charges up until 2e
is loaded, at which points the transport of a Cooper pair
discharges the capacitance. This charging and discharging
sequence leads to an oscillating voltage at frequency
fB ¼ IB=2e, the so-called Bloch oscillations [4].
In a number of experiments (see, e.g., Refs. [5–7]),

Bloch oscillations were synchronized to an external drive at
fixed frequency. This gives rise to dual Shapiro steps of
quantized current predicted by theory [4,8]. The early
Bloch oscillation circuits necessarily included high-
Ohmic biasing resistors, implemented in order to reduce
the quantum fluctuations of charge and to suppress inelastic
tunnel processes. In experiments, this resulted in strong

electron overheating, the dramatic increase of thermal
fluctuations, and, finally, in washing out the coherent
oscillation effects [5,9,10].
As a remedy, a combined, resistive, and inductive

environment was theoretically proposed as a viable alter-
native to the purely resistive one [11]. This alternative
approach has recently been implemented using either high-
kinetic inductance elements made of thin NbN films in
Ref. [6] or Josephson inductances in a long array of
Josephson junctions [7]. However, as shown in Ref. [6],
inelastic tunneling processes that come into play due to
finite effective temperature, Teff ∼ 100 mK, and high, but
limited bias impedance, still impose severe restrictions on
the flatness of the resulting current steps.
Considerable improvement could be achieved using the

dipole charge transfer in a symmetric, strongly coupled pair
of Bloch junctions, see Fig. 1, with different charging
energy scales for coherent ∼e2=2Cc and inelastic

FIG. 1. A symmetric circuit with two coupled Josephson
junctions allowing for the synchronization of Bloch oscillations.
The signature of this is the current mirror effect with I1 ¼ −I2,
appearing due to transport via Cooper pair dipoles indicated in
red, see main text for details. Note that, in order to achieve
coherent Bloch oscillations, the bias resistances must exceed the
resistance quantum with Re ≫ RQ ¼ h=4e2 ≈ 6.45 kΩ.
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∼e2=2C≡ EC Cooper pair processes, where Cc ≫ C are
the coupling and the tunnel capacitances, respectively. In
such a circuit, the competing single Cooper pair processes
are expected to be subdominant compared to the coherent
dipole transfers keeping the voltage across the junctions
small, U1;2 ∼ ðe=CcÞ=2 ≪ e=C. A related setup has been
proposed in Ref. [12] for constructing a protected qubit
based on dipole transport (dubbed “current mirror”) in a
Josephson ladder. Experimentally, the current mirror effect
with the signal correlation of up to 98.8% was demon-
strated by studying the switching voltage statistics in two
superconducting 1D arrays [13].
In this Letter, we present the results of our dc charac-

terization for a strongly coupled pair of Bloch oscillators
enabling the dipole transport discussed above. We study an
asymmetric circuit shown in Fig. 2, with a small super-
conducting quantum interference device (SQUID) in one
current arm as a Bloch oscillator with a tunable amplitude.
The junctions were coupled capacitively using two in-line
meanders in series to high-Ohmic resistive leads. We show
the tunable-capacitor behavior, observed at zero bias
current in SQUID and also, more importantly, the current
mirror effect in the two-currents plane resulting from the
synchronization of the two Bloch oscillations in the sub-
GHz range. Because of the synchronization of the Bloch
oscillations that antialigns the dc currents in both arms, the
data exhibit a pronounced current step with a step value that
is akin to the first dual Shapiro step induced by an external
GHz signal [5–7]. The data are consistent with a theory
providing an interpretation in terms of correlated adiabatic
ground state transport.
The experimental circuit was fabricated using e-beam-

exposed PMMA/copolymer liftoff masks with a control-
lable undercut [14] and the shadow evaporation technique
[15]. The Josephson junctions of type Al=AlOx=Al were
deposited in the common three-angle evaporation process
[16] with the coupling meanders made of granulated
aluminum (grAl), see, e.g., Ref. [17]. The first Al layer
was oxidized at PO2 ¼ 0.3 Pa for 5 min to enable small
junctions, see Fig. 2(c), of low normal resistance RN ≈ 6 kΩ
and high values of the Josephson energy EJ¼ hΔ=8e2RN≈
110 μeV and EC≈150 μeV, estimated roughly for a single
junction and for the superconducting gap value of aluminum
Δ ≈ 200 μeV, using cofabricated test devices [16]. We note
that a similar device with slightly different parameters
exhibited widely identical behavior as reported below.
For high-impedance biasing, the meander geometry

was preferred, in order to minimize the stray lead capaci-
tance [18]. The kinetic inductance of grAl was estimated
within the BCS approximation [19], to achieve Lkin;□ ¼
0.18ℏRn=kBTc ≈ 0.5 nH, for the measured values of the
grAl normal state resistance Rn;□ ≈ 700 Ω and Tc ≈ 1.9 K.
As a result, the resonance frequency of the TEM wave
along the meanders, ωp ¼ ð2LkinCcÞ−1=2 ∼ 2π × 1.3 GHz,
ranged over the frequencies in our experiment. At lower

frequencies, the condition Re ≫ RQ was ensured by high-
Ohmic titanium microstrips coevaporated with oxygen [20]
at PO2 ¼ 3 × 10−4 Pa and featured by high film resistivity,
r ≈ 1.5 kΩ per square sheet.
The sample was measured in a filtered environment at

T ≈ 15 mK. The dc currents were supplied symmetrically
through pairs of room temperature resistors, Rb ¼
2 × 100 MΩ, reaching the sample via l ≈ 1 m long
Thermocoax filters of capacitance cl ∼ 0.5 nF each [21],
mounted in direct vicinity of the chip. At microwave
frequencies, such an environment realizes the condition
of voltage biasing adopted in Fig. 1.
The diagram in Fig. 3(a) maps the voltage UJJ across the

junction vs bias current IJJ at zero current biasing of the
SQUID. The magnetic field B and therefore the loop
frustration, f ≡Φext=Φ0, are varied over a few modulation
cycles. Here Φext ¼ BA is the flux threading the loop area
A ≈ 0.4 μm2 [see SEM image in Fig. 2(b)] and Φ0 ¼ h=2e
is the magnetic flux quantum. In this small signal regime,
illustrated in Figs. 3(b) and 3(c), the SQUID plays the role
of a tunable Bloch capacitance CBðU2; fÞ ≈ CBð0; fÞ (see,
e.g., Ref. [22]), in series to the intermeander capacitance Cc
and both in parallel to the single junction [23]. At weak
frustration f ≈ 0mod 1 (B ¼ 23.1 mT), with a strong
Josephson coupling in the SQUID, the junction turns out

FIG. 2. (a) Optical picture of high-impedance circuitry. Both
current arms include titanium microstrips, 20 × 0.16 × 0.15 μm3

long/wide/thick each, as well as 0.14 μm wide meandered lines
of grAl. (b) False-colored SEM image of the SQUID and single
junction structure. Comparing to Fig. 1, the junction (SQUID)
plays the role of the first (second) current arm. (c) Close-up view
of a single junction marked by the dashed circle in (b).
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to be effectively shunted by a larger capacitance Cc:
C ≪ Cc ≪ CBð0; 0Þ. This leads to a small Coulomb block-
ade threshold, see Figs. 3(b) and 3(d). On the contrary, at
strong frustration f ≈ 0.5 mod 1 (B ¼ 25.9 mT), the Bloch
and therefore the total shunting capacitance are reduced,
resulting in a stronger Coulomb blockade effect. The I-V
curve shows a clear backbending, a “fingerprint” of Bloch
oscillations.
In the two-current plane ðIJJ; ISQÞ, shown in Fig. 4, the

voltage landscape also depends on the magnetic frustration
in the SQUID. The diagram in Fig. 4(a), measured close to a
half-integer value of f, is asymmetric and shows a singu-
larity of the profile along the line IJJ ¼ −ISQ, demonstrating
the currentmirror effect in the circuit.Qualitatively, the same
voltage profile has been observed for the SQUID voltage
USQ as well (not shown). In this regime, the Bloch
oscillations in both arms are of appreciable amplitude.
They are coupled to each other via the capacitance Cc,
giving rise to the plateaus with slow current ramping
IJJðUJJÞ, shown in Fig. 5(a). The ramping of the plateaus,
weak at small currents ISQ ∼ 0.1 nA, is increased toward

higher drive currents, in a good agreement with the simu-
lated dynamics, the results shown in Fig. 5(b). Our numeri-
cal analysis described in detail below shows that the plateaus
are due to synchronization, akin to the first dual Shapiro step
reported for the microwave drive signals in Refs. [5–7].
On the contrary, at weak frustration and strong SQUID

coupling, we measure a smooth and symmetric disappear-
ance of the blockade feature, as the absolute value of
current ISQ is increasing, see Fig. 4(b). This behavior,
typical for growing thermal fluctuation effects, is caused by
electron overheating in the titanium resistors [24]. The
current mirror effect due to the synchronization is missing
[cf. Fig. 4(d)] as the amplitude of the Bloch oscillations in
SQUID is small [cf., e.g., Fig. 3(b)].
We compare the experimental data with the results of

simulations based on Kirchhoff’s equations,

Vbi ¼ ReðQ̇i þ Q̇þÞ þ Vci sin

�
πQi

e

�
þ Vþ sin

�
πQþ
e

�
;

for the charges Qi supplied by the individual leads with a
combined charge Qþ ¼ Q1 þQ2. In addition to the bias

FIG. 3. (a) dc junction voltage UJJ ¼ U1ðtÞ measured as a
function of current IJJ and magnetic flux Φext at ISQ ¼ 0. The
green (orange) vertical line marks weak (strong) magnetic
frustration of the SQUID, for which the cross-sectional I-V
curves are plotted in (b). The dashed lines in (b) depict the dc
voltage USQ ¼ U2ðtÞ induced across the SQUID. (c) Equivalent
circuit as a single junction shunted via the Bloch capacitance
realized by the SQUID. (d) Simulation of the I-V curves. The
values of the parameters are those of Figs. 4(c) and 4(d).

FIG. 4. (a),(b) Voltage UJJ as a function of the two bias
currents for the two frustration cases. (c),(d) The simulated data
with Johnson-Nyquist noise at a constant temperature of
kBT ¼ 0.25eVc1 in the regime of (c) symmetric Josephson
energies and Bloch critical voltages Vc ≡ Vc1 ¼ Vc2 ¼ Vþ and
(d) the single junction regime Vc2 ¼ Vþ ¼ 0.
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voltages Vbi and the voltage drops over the resistors
Re (first term), the equations contain the voltage drops
Ui across the junctions (remaining terms), see the
Supplemental Material [25] for the derivation. It consists
of the voltage due to individual phase slips with a critical
voltage Vci and the term with critical voltage Vþ describing
coupled phase slips due to Cc. It is this last term that
synchronizes the Bloch oscillations and leads to the
current plateaus.
We integrate the equations of motion using the forward

Euler method to obtain the voltage drop U1ðtÞ across the
junction for different junction currents. In order to resolve
the dynamics at the characteristic frequency of the junc-
tion’s Bloch oscillations ωR ¼ πVc1=eRe, we choose dis-
crete time steps of the duration δ ¼ 0.25=ωR. We include
the effects of Johnson-Nyquist noise from the biasing
resistors as Gaussian white noise increments with standard
deviation 2RekBT=δ1=2. For simplicity and deviating from
the experimental conditions with growing thermal smearing
effects at increasing currents IJJ and ISQ, the simulations
were performed at a constant temperature kBT ¼ 0.25eVc1,
which corresponds to T ≈ 150 mK at Vc1 ≈ 50 μV.
We obtained simulation results for both strong and weak

frustration of the SQUID. In the regime of strong frus-
tration f ≈ 0.5mod 1, the Josephson energies of the
SQUID and the junction are almost equal. Under
assumption of equal effective junction capacitances, this
leads to comparable critical voltages Vc1 ≈ Vc2, with Bloch
oscillations of similar strength. Because of the large
coupling capacitance Cc, the synchronization of the
Bloch oscillations has a substantial contribution to the
overall voltage drop with Vþ ≈ Vci, see the Supplemental
Material [25]. At weak frustration f ≈ 0mod 1, the SQUID
arm becomes almost superconducting, see Fig. 3(b), with a
large Bloch capacitance CB ≫ Cc, shunting the SQUID. As
a result, it exhibits only weak Bloch oscillations effects
with Vc2 ≈ Vþ ≈ 0.

Figure 4(c) shows the regime of strong magnetic
frustration corresponding to symmetric Josephson energies.
The simulations show a synchronization of Bloch oscil-
lations leading to a current mirror effect IJJ ¼ −ISQ,
whereas the synchronization leading to aligned currents
is suppressed by thermal effects [25]. Figure 4(d) shows the
regime of weak magnetic frustration corresponding to
Bloch oscillations only in the single junction. The simu-
lation points to the absence of synchronization, in this case,
as well as a diminished blockade threshold also shown in
Fig. 3(d).
Because of the strong junction-to-SQUID coupling

Cc > C, the current IJJ exhibits plateaus at the level scaling
with the current −ISQ in the SQUID, as shown in Fig. 5(b).
These plateaus emphasize the current mirror effect based on
synchronization of Bloch oscillations. The synchronization
can also be explicitly tracked in the time domain for the
voltage drops U1ðtÞ and U2ðtÞ across the junction and
SQUID, respectively. Figure 6(a) shows simulation results
without noise, resolving oscillations on the scale of the
inverse characteristic frequency. They indicate anticorre-
lated (or dipole-type) Cooper pair transfer in the two
junctions, thus manifesting a current mirror effect on the
microscopic scale. We note that the oscillation frequencies
are matched even for asymmetric bias voltages, resulting in
a small oscillating output current Iout ¼ IJJ þ ISQ, with an
average close to zero, as shown in Fig. 6(b).
The simulations exhibit good agreement with the

experimental data for small bias currents, IJJ;SQ ≲
0.5 nA ≪ πeE2

J=4ℏEC ≈ 16 nA, with negligible rate of
Landau-Zener tunneling (see, e.g., Ref. [26]). At higher
currents, the Bloch oscillation effects vanish behind the
inelastic Cooper pair transport, which shows up as soft-
ening of the “backbending” in the measured I-V curves in

FIG. 5. (a) Current in the junction plotted vs junction voltage at
f ≈ 0.5 and ISQ varying from 0 to 0.5 nA (bottom to top).
(b) Simulated data for the synchronized Bloch oscillations in the
regime of symmetric Josephson energies for an equidistant series
of SQUID current values ISQ.

(a)

(b)

FIG. 6. Simulation of the time-resolved synchronization of
Cooper pair transfers in the regime of symmetric Josephson
energies with asymmetric bias voltages Vb1 ¼ 5Vc1,
Vb2 ¼ −4Vc1. (a) Voltage drop U1 (U2) across the junction
(SQUID). (b) A small common node current Iout through the
lower biasing resistor indicates a current mirror effect.
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Figs. 3(b) and 5(a) as compared to Figs. 3(d) and 5(b),
respectively.
To conclude, we have shown synchronization of coher-

ent Bloch oscillations in a coupled circuit with ultrasmall
Josephson junctions. In particular, we observed a current
mirror effect and related plateaus of constant current in the
dc I-V curves of the junctions. We have supported our
interpretation of the data by theoretical analysis showing
good qualitative agreement in a sub-GHz range, where the
synchronization effect is pronounced. The demonstrated
current plateaus are akin to the first dual Shapiro step,
which paves the way toward the development of a quantum
current standard. In the future, it would be interesting to
optimize the current plateaus. In particular, the numerical
simulations indicate that increasing Cc will further stabilize
the synchronization and thus the current mirror effect.
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