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We report on the realization of a superinductor, a dissipationless element whose microwave impedance

greatly exceeds the resistance quantum RQ. The design of the superinductor, implemented as a ladder of

nanoscale Josephson junctions, enables tuning of the inductance and its nonlinearity by a weak magnetic

field. The Rabi decay time of the superinductor-based qubit exceeds 1 �s. The high kinetic inductance

and strong nonlinearity offer new types of functionality, including the development of qubits protected

from both flux and charge noises, fault tolerant quantum computing, and high-impedance isolation for

electrical current standards based on Bloch oscillations.
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Superinductors are desired for the implementation of the
electrical current standards based on Bloch oscillations
[1,2], protection of Josephson qubits from the charge noise
[3,4], and fault tolerant quantum computation [5,6]. The
realization of superinductors poses a challenge. Indeed, the
‘‘geometrical’’ inductance of a wire loop is accompanied
by a sizable parasitic capacitance, and the loop impedance
Z does not exceed �RQ [7], where � ¼ 1=137 is the fine

structure constant and RQ ¼ h=4e2 is the resistance quan-
tum. This limitation does not apply to superconducting
circuits whose kinetic inductance LK is associated with
the inertia of the Cooper pair condensate [8].

The kinetic inductance of a Josephson junction, LK ¼
ð�0=2�Þ2=EJ, scales inversely with its Josephson energy
EJ [8] (�0 ¼ h=2e is the flux quantum). The kinetic
inductance can be increased by reducing the in-plane junc-
tion dimensions and, thus, EJ. However, this resource is
limited: with shrinking the junction size, the charging
energy EC ¼ e2=2C (C is the junction capacitance) in-

creases and the phase-slip rate / exp½�ð8EJ=ECÞ1=2� [8]
grows exponentially, which leads to decoherence. Small
Josephson energy (i.e., large kinetic inductance) can be
realized in chains of dc SQUIDs frustrated by the magnetic
field [9,10]. However, the phase-slip rate increases greatly
with frustration, and the chains do not provide good iso-
lation from the environment. For the linear chains of
Josephson junctions with EJ=EC � 1, relatively large val-
ues of LK (up to 300 nH [3]) have been realized in the
phase-slip-free regime; further increase of the impedance
of these chains is hindered by the growth of their parasitic
capacitance. Also, the linear chains, as well as the nano-
scale superconducting wires with a kinetic inductance of
�10 nH=�m [11,12], are essentially linear elements
whose inductance is not readily tunable (unless large cur-
rents are applied).

We propose a novel superinductor design that has sev-
eral interesting features. This circuit can be continuously

tuned by a weak magnetic field between the regimes char-
acterized by a low linear inductance and a very large
nonlinear inductance. Importantly, the large impedance
Z � RQ is realized when the decoherence processes asso-

ciated with phase slips are fully suppressed. This combi-
nation of strong nonlinearity and low decoherence rate is
an asset for the development of high-performance super-
conducting qubits and controllable coupling between
qubits.
The studied circuit is a ‘‘ladder’’ of nanoscale Josephson

junctions frustrated by the magnetic flux � [Fig. 1(a)].
Each unit cell of the ladder represents an asymmetric dc-
SQUID with a single ‘‘small’’ junction with the Josephson
energy EJS in one arm and three ‘‘large’’ Josephson junc-
tions with the Josephson energy EJL in the other arm (the
in-plane dimensions of both types of tunnel junctions do
not exceed 0:3� 0:3 �m2). The adjacent cells are coupled
via one large junction; the Josephson energy of the system,
EJð’Þ, remains an even function of the phase difference ’
across the ladder at any value of the flux (the benefits of
this symmetry are discussed below).
For the Josephson junctions in the ladder ‘‘backbone,’’

the Josephson energy is 2 orders of magnitude larger than
the charging energy (the junction parameters are summa-
rized in Table I). In this case quantum fluctuations of the
phase across individual junctions are small, and the depen-
dence EJð’Þ [see Fig. 1(b)] can be obtained from the
classical computation that minimizes EJ with respect to
the phases of superconducting islands at a fixed ’. At zero
frustration (� ¼ 0) the energy EJð’Þ is approximately
parabolic over the relevant range of ’. With an increase
of the magnetic field, the curvature of EJð’Þ near ’ ¼ 0
decreases. Provided the ratio of the Josephson energies for
large and small junctions, r ¼ EJL=EJS, is not too large, the
curvature @2EJð’Þ=@’2j’¼0 vanishes at some critical flux

�c. At this frustration the potential is strongly anharmonic
(approximately quartic) and the kinetic inductance, which
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is inversely proportional to the curvature of the potential
LK / ½@2EJð’Þ=@’2��1 [8] in its minimum, diverges.

The optimal regime of operation for the studied super-
inductor and superinductor-based qubits is realized when
the curvature @2EJð’Þ=@’2j’¼0 vanishes exactly at full

frustration (� ¼ �0=2). Indeed, because the energy is an
even function of the flux at full frustration, the device in
this regime is insensitive in the first order to the flux noise
[13]. This allows for simultaneous realization of the maxi-
mum inductance (i.e., the maximum fluctuations of the
phase across the ladder) and the minimal coupling to the
flux noise. This regime corresponds to the optimal value of
the ratio EJL=EJS, which we denote as ro. The ro value,
calculated within the classical approximation (EC ¼ 0),
varies between 3 for a single unit cell and 5 for a very
long ladder. Quantum fluctuations renormalize EJð’Þ and
reduce ro by �r; for our devices �r� 0:5–0:7.

We have experimentally studied two types of ladders
with the number of unit cells N ¼ 6 and 24. Short ladders
with N ¼ 6 allow for direct comparison between experi-
mental data and simulations based on the numerical
diagonalization of the system Hamiltonian. Because these
simulations are infeasible for a larger number of unit
cells, the ladders with N ¼ 24 were treated within
the quasiclassical approximation. These longer ladders
demonstrate the potential of our novel approach: their

microwave impedance exceeds RQ by an order of

magnitude.
The ladders and the readout circuits were fabricated

using multiangle electron-beam deposition of Al films
through a liftoff mask (see Supplemental Material IA [14]
for details). The in-plane dimensions of small and large
junctions were 0:16� 0:16 �m2 and 0:30� 0:30 �m2,
respectively. The unit cell size was 3� 5 �m2, and the
flux � ¼ �0=2 was realized in the magnetic field B �
0:7 G. The ladders parameters are listed in Table I.
Several devices with systematically varied values of r
were fabricated on the same chip and inductively coupled
to the same microstrip line. The devices could be individu-
ally addressed due to their different resonance frequencies.
The effective kinetic inductance of the ladder, LK ¼

ð!2
01CKÞ�1, was calculated from the measured frequency

!01 of the j0i $ j1i transition in the resonance circuit
formed by the ladder and the interdigitated capacitor. The
capacitance CK is larger than the capacitance of the inter-
digitated capacitor due to the parasitic capacitance to the
ground. The resonance frequency of this circuit, referred
below as the superinductor resonator, varies with the mag-
netic field by an order of magnitude (see below), whereas
the bandwidth of the cryogenic preamplifier and cold
circulators in our measuring setup is limited to the range
of 3–10 GHz (the microwave setup is described in

TABLE I. Josephson junction parameters. ECS and ECL are the charging energies for the small and large junctions.

Device
Number of EJS, ECS, EJL, ECL, r ¼ CK, LC, LK ð� ¼ 0Þ, LK ð� ¼ �0=2Þ,
unit cells K K K K EJL=EJS fF nH nH nH

1 6 3.2 0.46 14.5 0.15 4.5 18 0.4 3.7 130

2 24 3.15 0.46 14.5 0.15 4.6 5 0.8 16 3000

FIG. 1 (color online). Superinductor unit cells, potential energy, and phase diagram. (a) The unit cells of the tested device include
small and large Josephson junctions with Josephson energies EJS and EJL, respectively. The backbone of the superinductor is shown as
a bold line; the adjacent cells share large Josephson junctions. The cells are threaded by the same magnetic flux�; the phase difference
across the device is ’2 � ’1 ¼ ’. (b) The Josephson energy EJð’Þ of a six-cell ladder calculated within the quasiclassical
approximation at � ¼ 0 (dashed curve) and � ¼ �0=2 (solid and dash-dotted curves); EJS ¼ 3:5 K for all three curves, EJL ¼
16:8 K for dashed and solid curves and EJL ¼ 14 K for the dash-dotted curve. For the optimal value of the ratio EJL=EJS, denoted as
ro, the dependence EJð’Þ becomes flat near ’ ¼ 0 at � ¼ �0=2 (solid curve). For smaller values of EJL=EJS, a double well potential
is realized near full frustration. (c) ’’Phase diagram’’ of the ladders on the r-� plane. The values of ro are 4.1 and 4.5 for the ladders
with N ¼ 6 and 24, respectively. The values of r� ro for the studied devices are shown as horizontal lines.
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Supplemental Material IB [14]). To overcome this limita-
tion, the superinductor resonator was coupled to a linear
lumped-element LC resonator with a resonance frequency
!LC=2��7GHz via the coupling inductor LC [a narrow
superconducting wire, Figs. 2(b) and 2(c)]. The LC
resonator is formed by an inductor (meandered
2-�m-wide Al wire) with L ¼ 5 nH and an interdigitated
capacitor (2-�m-wide fingers with 2 �m spacing between
them) with C ¼ 100 fF [Fig. 2(c)]. Both the superinductor
and LC resonators are inductively coupled to a 2-port Al
microstrip feedline with a 50 � wave impedance. When
the superinductor resonator is excited by a second-tone
microwave frequency !2, its impedance changes due to
nonlinearity; this results in a shift of the resonance of the
LC resonator probed by the first-tone microwaves with
!1 � !LC. The maximum shift occurs at the frequency
!2 ¼ !01 that corresponds to the j0i $ j1i transition.

Figure 3 shows the resonance modes corresponding to
the transition j0i $ j1i in the superinductor resonators
with the 6-cell and 24-cell ladders. The insets in Fig. 3
show the avoided crossing between the lowest modes of the
superinductor and LC resonators observed in the first-tone
measurements (these avoided crossings illustrate the
strength of coupling between these resonators). The mea-
sured values of the lowest-mode frequency !01 for the
6-cell ladder are in excellent agreement with simulations
based on the numerical diagonalization of the circuit
Hamiltonian (see Supplemental Material IIB [14]). The
only fitting parameter in these calculations was the ratio
r ¼ EJL=EJS, which is within 15% of the designed value.
The nominal junction parameters for the 24-cell ladder also
agree with the quasiclassical simulation of the dependence
!01ð�Þ.

Superinductor applications require that the frequency
!01, which corresponds to the ‘‘global’’ mode of the super-
inductor, should be much smaller than the frequency of its
internal excitations, !int. Far away from full frustration,
the internal modes correspond to very high frequencies of
an order of the Josephson plasma frequency (� 100 GHz
for our samples). At full frustration, !int decreases, but,
according to our estimate, remains above 10 GHz for the
24-cell device.
The inductance at full frustration increases as r ap-

proaching its optimal value ro, which depends on the
number of unit cells (see Supplemental Material IIB
[14]): ro ¼ 4:1 for N ¼ 6 and ro ¼ 4:5 for N ¼ 24.
Even though both devices 1 and 2 have similar values of
r (i.e. nominally identical junction parameters), their
proximity to the critical point is significantly different.
For device 1 with r� ro � 0:4, the inductance at full

FIG. 2 (color online). Schematic description of the on-chip
circuit. (a) Topology of two unit cells of the ladder. Josephson
contacts are formed at the intersections of the bottom (horizon-
tal) and top (vertical) electrodes. (b) The circuit diagram of the
superinductor and LC resonators coupled via the kinetic induc-
tance LC of a narrow superconducting wire. The micrograph
shows a ladder with six unit cells. (c) The on-chip circuit layout
of two resonators inductively coupled to the microwave (MW)
feedline.

FIG. 3 (color online). Spectroscopic data for the ladders with
N ¼ 6 (a) and N ¼ 24 (b). The resonance frequencies
!01ð�Þ=2� of the j0i $ j1i transition measured in the second-
tone experiments are shown by red dots. The horizontal dashed
lines correspond to the resonance frequency of the LC resona-
tors. The blue curves represent the fits based on numerical
diagonalization of the circuit Hamiltonian for device 1 (a) and
the quasiclassical modeling for device 2 (a); for the simulation
parameters, see Table I. The gray scale insets show the micro-
wave amplitude jS21j versus the first-tone microwave frequency
!1=2� and the normalized flux �=�0 measured near the
avoided level crossings.
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frustration exceeds that at zero field by a factor of 35. For
device 2 with r� ro � 0:1, this increase exceeds 2 orders
of magnitude, and the inductance at full frustration is 3 �H
(for comparison, this is the inductance of a 3-meter-long
wire). The total capacitance of the superinductor resonator,
CK ¼ 5 fF (see Table I), includes the capacitance of the
interdigitated capacitor (2 fF) and the parasitic capacitance
of all wires and the superinductor to the ground (3 fF)
obtained by circuit modeling. By ‘‘meandering’’ the ladder
and shrinking the tested moderately-sized (3� 5 �m2)
unit cell, the parasitic capacitance can be reduced down
to �1 fF; the impedance of such a ladder approaches
50 k� at !=2� ¼ 3 GHz.

The nonlinearity of the superinductor-based qubit
increases dramatically with approaching the optimal work-
ing regime (r ¼ ro and � ¼ �0=2). According to
our quantum simulations, the nonlinearity factor � ¼
ð!12 �!01Þ=!01 (!12 is the frequency of the j1i $ j2i
transition) for the 24-cell ladder (device 2) with
r� ro � 0:1 approaches 40% at full frustration. Strong,
tunable quartic nonlinearity of the studied superinductor is
an asset for the qubit design. In particular, strong anharmo-
nicity enables fast qubit operations and qubit readout due

to a large energy difference between the j0i $ j1i and
j1i $ j2i transitions [15].
In order to demonstrate the high quality of our

superinductor, we have measured Rabi oscillations in the
qubit formed by the superinductor and the capacitor CK

[Fig. 4(a)]. In these measurements, we have monitored
the phase shift of the LC resonance while the superin-
ductor resonator was excited by pulsed microwaves with
!2 ¼ !01. The quantum nature of these oscillations was
verified by observing the linear dependence of the Rabi
frequency on the amplitude of the microwave field
[Fig. 4(b)]. The observed decay time of Rabi oscillations
exceeded 1 �s and was limited by the energy relaxation
time [cf. Fig. 4(c)]. The dominant source of energy relaxa-
tion is the intentional inductive coupling to the LC reso-
nator and the microwave feedline.
The intrinsic decoherence rate of the qubit is expected to

be very low. Because the curvature @2EJð’Þ=@’2 (which
controls the position of energy levels) has a minimum at
full frustration, one expects that the flux noise does not
affect the qubit in the linear order. Another common source
of dephasing in a chain of superconducting islands coupled
by Josephson junctions is the phase-slip processes in com-
bination with ubiquitous fluctuations of offset charges on
the islands [16]. Because of the Aharonov-Casher effect
[3,17–19], these two factors result in the decoherence
which is directly proportional to the phase-slip rate. In
the studied devices this rate, being proportional to

exp½�cðEJL=ECLÞ1=2�, where c � 2:5–2:8, is expected to
be negligible due to a large ratio EJL=ECL (� 100) for the
junctions that form the ladder backbone [Fig. 1(a)]. Recent
work [20] demonstrated that linear chains of Josephson
junctions with EJ=EC � 100 are phase-slip free and
exhibit inductances up to 0:3 �H
We envision many applications for the designed

superinductor: this element has the potential to reduce
the charge noise sensitivity of Josephson qubits, enable
implementation of the fault tolerant qubits, and provide
sufficient isolation for the electrical current standards
based on Bloch oscillations. The ability to transform
this element from an inductor with an almost linear re-
sponse into a very nonlinear superinductor by tuning
the magnetic field can facilitate controllable coupling
between qubits. In a moderately or strongly nonlinear
regimes, the superinductor-based resonator can also
operate as a qubit with a low decoherence rate. Being
combined with a small Josephson junction, the superin-
ductor can be used as an adiabatic switch—an element
whose impedance changes exponentially with magnetic
field [5,21], which is crucial for the fault tolerant qubit
operations [6].
We would like to thank V. Manucharyan and A.

Zamolodchikov for helpful discussions. The work was
supported by DARPA (HR0011-09-1-0009), NSF (DMR
1006265), and ARO (W911NF-09-1-0395).

FIG. 4 (color online). (a) Rabi oscillations of the population of
the first excited level of the superinductor resonator in device 1.
The phase shift of the LC resonance was measured while the
superinductor resonator was excited by the second-tone pulsed
microwaves with !2 ¼ !01. The data are shown for the phase
’ ¼ 2��=�0 ¼ 0:94�. The solid line represents the fit with the
Rabi decay time 1:4 �s. (b) Dependence of the Rabi frequency
on the amplitude of microwaves with !2 ¼ !01. (c) The re-
sponse of the LC resonator (measured at !1 ¼ !LC) to the
excitation of the superinductor resonator by a 0:4 �s second-
tone pulse.
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