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Quantum phase slip (QPS) is the exact dual to the well-known Josephson effect. Although there are
numerous proposals for applications of QPS devices, experimental work to develop these remains in
the relatively early stages. Significant barriers to exploiting QPS nanowires for useful technologies still
exist, such as establishing robust nanowire-fabrication methods that allow coupling to low-loss circuits,
and demonstrating control over the QPS process with an experimenter-controlled external bias. Here we
report experiments that show that both of these barriers have been overcome. We present measurements
at 300 mK of NbN coplanar-waveguide (CPW) resonators embedded with nanowires fabricated using a
neon focused ion beam. The internal quality factor exceeds 2 × 104—significantly higher than previously
reported in comparable experiments. The resonator frequency tunes periodically with an applied magnetic
field, revealing tunneling of the order parameter that always occurs at half-integer values of the applied
flux. In contrast to previous studies of single QPS, the order-parameter tunneling is shown to be adiabatic,
demonstrating improved control over energy dissipation in nanowire QPS circuits. Our results highlight a
promising pathway towards realizing low-loss nanowire-based QPS devices.
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I. INTRODUCTION

Quantum circuits based on superconducting materials
are currently the leading candidate for the implementa-
tion of a scalable quantum computer, already beginning to
tackle relevant computation and simulation problems [1,2]
and recently demonstrating “quantum advantage” [3]. The
Josephson junction is near ubiquitous in these circuits, pro-
viding the necessary nonlinearity. A quantum phase-slip
nanowire is the flux-charge dual to the Josephson junction
[4], and in theory every Josephson-junction-based circuit
has a QPS dual. As well as being proposed as a qubit with
favorable properties over traditional Josephson-based tech-
nology [5,6], the QPS nanowire’s dual property of a non-
linear quantum capacitance enables potential applications
such as qubit-qubit couplers [7], parametric amplification
for qubit readout, and a primary quantum current standard
[8]. As yet, the huge potential of QPS nanowires remains
to be fully exploited, and two key reasons for this stand
out. Firstly, consistent and reliable fabrication of materials
and nanowires with the requisite properties remains chal-
lenging; secondly, full control over individual QPS events
in a nanowire has not yet been demonstrated.

The QPS phenomenon is most pronounced in quasi-
one-dimensional superconducting nanowires, by which we
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mean that the cross-sectional dimensions of the nanowire
are comparable to the coherence length ξ [9]. In these
nanowires, quantum (or indeed thermal) fluctuations can
lead to complete suppression of the superconducting order
parameter over the cross section of the wire. This in turn
leads to a sudden change of 2π in the phase difference
between the two ends of the wire, accompanied by the
transfer of a quantized amount of magnetic flux equal to
the magnetic flux quantum �0 = h/2e through the wire.
This tunneling of a flux quantum can be coherent [10–12]
or incoherent [13], depending on the relative scales of the
phase-slip energy ES and the inductive energy EL of the
nanowire. When ES/EL < 1, the magnetic flux quantum
number is well defined, and incoherent transfer of indi-
vidual flux quanta is observable. This is in direct analogy
to small Josephson junctions with large charging energy,
where tunneling of single Cooper pairs can be observed
[14]. It is the incoherent QPS regime that is the focus of
this paper. Incoherent QPS occurs probabilistically, with a
frequency characterized by the phase-slip rate �S ≡ ES/h.
However, if one waits for a time τ that is much longer
than 1/�S, then flux-quantum tunneling will occur with
extremely high likelihood. A device displaying determin-
istic transfer of quantized amounts of magnetic flux may
find useful applications in tasks such as energy-efficient
classical digital logic processing [15–19]. Development of
such a device is a key enabling technology for control of
superconducting quantum processors at technologically
useful scales.
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Historically, phase slips were studied in externally con-
nected, current-biased nanowires, where the collective
effect of many phase slips manifests as a resistance below
Tc [20–25]. However, in order to isolate a single phase
slip, it is necessary to incorporate the nanowire into a flux-
biased superconducting loop. The flux-dependent energy
states of a continuous superconducting loop are described
by a set of parabolas [see Fig. 1(a)], where each parabola
corresponds to a unique value N of the phase winding
number, or equivalently the number of flux quanta in
the loop. A single phase slip corresponds to a transition

(a)

(b)

FIG. 1. (a) Flux-dependent energy spectrum of a continuous
superconducting loop, with the blue dashed line highlighting the
ground state. A single flux quantum may tunnel into the loop
at the degeneracy point—highlighted in red. N is the winding
number and �0 the flux quantum. (b) Optical (main image; blue
contrast) and SEM (inset; gray contrast) images of the NbN
nanowire-embedded loop located at the short-circuited termina-
tion of the CPW resonator. The nanowires in this device are 25
nm wide and 200 nm long. The lower and upper leads to the loop
are connected to the CPW center conductor and superconducting
ground plane, respectively.

between neighboring parabolas, and if no lower-energy
state is available at a particular external flux bias, then
phase slips are forbidden. When sweeping the externally
applied flux, tunneling of a single flux quantum becomes
allowed at �app = (N + 1/2)�0 [known as the degeneracy
point, highlighted in red in Fig. 1(a)] [26,27]. Tunnel-
ing will occur when the system passes the degeneracy
point if the rate of phase slips is much greater than the
rate at which the flux is swept. However, if the flux is
swept quickly with respect to �S, the system will enter a
metastable state and it will then undergo irreversible relax-
ation to the ground state at some later time. A number
of recent experiments [28–31] have demonstrated relax-
ation via QPS from a higher-energy metastable state,
but controlled single-flux-quantum tunneling when pass-
ing through the degeneracy point has not previously been
demonstrated.

In this paper, we demonstrate single-flux-quantum tun-
neling occurring at the degeneracy point in a continuous
superconducting loop. The flux quanta tunnel through NbN
nanowires embedded in the loop and this is read out via
coupling to a high-quality coplanar waveguide (CPW) res-
onator. An innovation in our fabrication technique is that
the nanowires were fabricated by neon focused-ion-beam
(FIB) milling. The FIB process enables the repeatable fab-
rication of nanowires with width w ≈ 25 nm ensuring a
large phase-slip rate, while introducing minimal losses to
the host resonator. FIB milling has previously been shown
to be compatible with low-dissipation superconducting cir-
cuits [32,33]; here, we report on the use of FIB to fabricate
a device in which quantum phase-slip behavior has been
measured. Our results show flux-periodic tuning of the
resonant frequency ν0 while maintaining a high intrinsic
quality factor Qi at all values of applied flux. We show that
a single quantum phase slip always occurs when adjacent
winding-number states become degenerate. This is ensured
by a phase-slip rate—we estimate �S = 35 MHz—which
is large in comparison to 1/τE , where τE is the exper-
imental timescale. However, the phase-slip rate is less
than the inductive energy (EL/h > 1 THz), and less than
the thermal energy (kBT/h ≈ 6 GHz), which excludes the
possibility of avoided crossings associated with coherent
QPS.

Our demonstration of the ability to control the tun-
neling of single flux quanta represents progress towards
applications of QPS devices in quantum information pro-
cessing that have been proposed elsewhere. The low loss
in our device suggests the potential for high tunneling
rates in QPS devices without a significant increase in
T1-type decoherence. In addition to this, there is poten-
tial for a QPS digital logic processing device, based on
the deterministic transfer of single flux quanta [15–18].
Utilizing quantum tunneling of flux in such a device
should enable significant reduction in the heat dissipa-
tion associated with each gate [34], a reduction that will
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be necessary for the scaling up of systems beyond the
1000-qubit level.

II. FABRICATION AND EXPERIMENTAL
DETAILS

We fabricate nanowire-embedded resonators from 10-
nm-thick films of superconducting NbN. The NbN is
deposited on c-axis oriented sapphire substrates by dc
magnetron sputtering of a 99.99% pure niobium target in
a 1:1 Ar:N2 atmosphere at a pressure of 5 × 10−3 mbar
and a power of 150 W. The resulting film is measured to
have critical temperature Tc = 8.55 K and sheet resistance
Rsq = 1.2 k�/sq.

Quarter-wavelength resonators are patterned by electron-
beam lithography (EBL) into a 300-nm layer of PMMA
resist. Multiple resonators on each chip are capacitively
coupled to a common feedline and are patterned with nar-
row loops galvanically coupled at the short-circuited end.
At this stage, the loops contain “precursor” nanowires
designed with a width of 400 nm. The pattern is transferred
into the NbN film by reactive ion etching (RIE) using a 2:5
volume ratio of CHF3 and SF6 at 100 W and 100 mbar.

Nanowires are then patterned into the loops using a neon
focused ion beam, whereby a beam of Ne ions is acceler-
ated from an atomically defined tip onto the sample surface
with spot size down to 2 nm and sufficient energy to sputter
the metal film [35,36]. The precursor wires are milled to a
width of 25 nm [see Fig. 1(b)] using a 15-keV Ne beam.
A Ne dose of 0.5 nC/μm−2 is sufficient to clear the 10-nm
film.

The sample is wire bonded to a copper printed circuit
board (PCB) and enclosed within an ECCOSORB-lined
brass sample box. This is cooled to a temperature of T ∼
300 mK using a 3He refrigerator. Measurement of the rf
response of the device is made using a vector network ana-
lyzer (VNA) via an input line with 60 dB of attenuation
to reduce thermal noise from room temperature. Signals in
the output line are amplified with a high-electron-mobility-
transistor (HEMT) amplifier. Global magnetic field is
applied perpendicular to the plane of the loop using a
superconducting solenoid and a precision current source.
The lines supplying current to the coil are filtered at room
temperature with an upper cutoff frequency of 9.2 kHz.

III. RESULTS AND DISCUSSION

A. Flux dependence of resonant frequency

In this paper, we present results on a single NbN
nanowire-embedded CPW resonator (see Supplemental
Material for comparison of multiple devices [37]). We
measure the forward transmission (S21) through the on-
chip feedline, where the λ/4 resonators appear as a notch-
type resonance. The upper panel of Fig. 2(a) shows the
main result of this work: under an applied magnetic field,

the resonance tuning shows discontinuous changes of
gradient at periodic values of the applied field. As we
demonstrate in the remainder of this paper, these disconti-
nuities occur when two stable states with winding number
differing by one become degenerate and are due to single-
flux-quantum tunneling mediated by quantum phase slips
in the nanowire [38].

The magnetic field periodicity is 153 μT, which corre-
sponds to a single flux quantum in our loop assuming a
flux-focusing factor F = 1.7 [39]. The data in Fig. 2(a)
corresponds to a single direction of magnetic field sweep,
but sweeps in the opposite direction are found to give
the same result. We also observe a nonperiodic, parabolic
decrease of the resonant frequency as the magnitude of
the applied field is increased. This is the expected [40,41]
kinetic inductance tuning of the NbN resonator, and can
be parametrized by a phenomenological field-scale B
 =
8 mT.

Figure 2(a) also shows periodic variation of Qi of the
resonance as a function of applied field with the same
field period as the resonant frequency. Quality factors are
obtained by an analytical fit [42] to the equation

|S21(ν)| = aeiαe−i2πντ

[
1 −

(
Ql

|Qc|
)

eiφ

1 + 2iQl(ν/ν0 − 1)

]
, (1)

where ν is the probe frequency and ν0 is the resonance
frequency. Qc and Ql are the coupling and loaded qual-
ity factors, respectively, and obey the relationship 1/Ql =
1/Qi + 1/Qc. φ accounts for the effect of impedance mis-
matches in the circuit, the scale factor a represents the
change in amplitude due to any attenuation or amplifi-
cation in the measurement chain, α describes any initial
phase offset of the signal, and τ accounts for frequency-
dependent cable delay. We find that Qi decreases approx-
imately quadratically from 4 × 103 at δ� ≡ (�app −
N�0)/�0 = 0 to 3.4 × 103 at δ� = 1/2. We attribute
this small change to nonequilibrium quasiparticles excited
by the induced screening current providing an extra loss
mechanism [43]. We observe no sharp decrease in Qi at
δ� = 1/2, which suggests that the heat dissipated by the
quantum phase slip itself is not large enough to cause
extra losses in the resonator. We note that the intrinsic
quality factor exceeds any currently reported in the liter-
ature for QPS devices, and discuss this further within the
Supplemental Material [37].

The periodic tuning of the resonance is well fitted by
a model of an inductive superconducting loop remain-
ing in its ground state [see Fig. 2(b)], where the system
is allowed to move between adjacent parabolas by trans-
ferring a single flux quantum through the nanowire at
�app = (N + 1/2)�0.
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(a) (b)

FIG. 2. (a) Upper panel: single-tone spectroscopy of nanowire-embedded resonator measured at T = 305 mK and 〈n〉 ≈ 50. |S21| is
plotted as a function of frequency and applied magnetic field. The top axis shows the applied magnetic flux �app seen by the nanowire
loop, which is inferred from the periodicity of the resonator tuning. Dashed white lines show resonant frequencies corresponding to the
calculated energy states of the loop. Lower panel: magnetic-field dependence of the measured intrinsic quality factor. (b) Calculated
energy states of the loop and values extracted from the measured resonant frequency.

The loop is made up of a wide section and a narrow
section [as shown in Fig. 1(b)], and so can be mod-
eled as two nonlinear kinetic inductances in series. The
flux-dependent kinetic inductance of the loop Lk(�) is
therefore

Lk(I) = Lk,1(0)

[
1 +

(
Is

I
,1

)2]
+ Lk,2(0)

[
1 +

(
Is

I
,2

)2]
,

(2)

where I
,1 and I
,2 are known to be of the order of the
critical current in the wide and narrow section, respec-
tively [44]. Since the screening current is Is = �/Lk, we
can insert this into Eq. (2) and solve for Lk(�).

The input impedance Zin of a λ/4 CPW resonator termi-
nated by an inductive load, as a function of frequency and
load impedance, is

Zin(ν, ZL) = Z0
ZL + iZ0 tan

( 2πνl
c

)
Z0 + iZL tan

( 2πνl
c

) , (3)

where Z0 is the characteristic impedance of the resonator,
ZL(�) = i2πνLk(�) is the impedance of the inductive
load, c is the speed of light in the resonator, and l is its
length. At resonance, Im{Zin} → ∞, so given Lk(�) one
can numerically calculate ν0(�), or given ν0(�) one can
numerically calculate Lk(�).

One can also calculate the flux-dependent free energy of
the loop E(�) from Lk(�), using the relation

L−1
k = d2E

d�2 . (4)

To obtain the free energy, we simply numerically integrate
the inverse of the inductance twice with respect to flux.

We calculate Lk(�) for our device from Eq. (2) using
only independently determined parameters. A critical cur-
rent density of Jc = 4.4 × 105 Acm−2 is obtained from a
dc measurement of a track etched into the NbN film, and
a sheet kinetic inductance of Lsq = 0.34 nH/sq is inferred
from the zero field ν0 of the resonator. The geometry of
the loop is measured by SEM and this is used to calculate
Lk(0) and I
 (we set I
 = Ic). We then calculate the white
dashed lines in Fig. 2(a) using Eq. (3), and the solid black
lines in Fig. 2(b) from Eq. (4). The blue points in Fig. 2(b)
are extracted from the measured ν0 using Eqs. (3) and (4).

B. Mechanisms for flux quantum transfer

The periodic tuning of the resonator and the associated
fit to the calculated energy states of the loop constitute
strong evidence that the loop remains in its ground state
for all values of �app, and this is made possible by a sin-
gle flux quantum transferring into or out of the loop at
δ� = 1/2. In order to establish the mechanism by which
the flux is able to enter the loop, we now turn our atten-
tion to the transitions between flux states. Across multiple
devices on multiple chips, we find an onset of flux-periodic
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tuning in devices containing nanowires with w � 35 nm.
This dependence of the behavior on nanowire width sug-
gests that the flux tunneling occurs in the nanowires, and
not in the wider part of the loop. We can now examine
some possible physical processes that could occur in the
nanowires and see how the data fits with them.

-Does the nanowire current exceed its critical current
I nw
c ? Niobium-nitride resonators commonly exhibit a non-

linear S21 response when they are driven with a high
microwave power [45] as a result of the current-induced
nonlinear kinetic inductance. As we see in Eq. (2), the
kinetic inductance is quadratically dependent on (I/Ic)

2,
and so the nonlinearity must be dominated by the part
of the conductor with the lowest Ic. This is confirmed by
measurements of our circuits, where we find that nanowire-
embedded resonators show a much higher degree of non-
linearity in their S21 response than bare resonators (see the
Supplemental Material [37]). The quadratic nature of the
nonlinearity suggests that a strongly nonlinear response
is a consequence of the magnitude of the rf current Ires
in the resonator reaching a significant fraction of the
nanowire critical current I nw

c . Our NbN resonator readout
method therefore gives us an indirect readout of whether
the current in the nanowire is close to I nw

c .
Figure 3 shows the S21 response of the nanowire-

embedded resonator at δ� = 0 and δ� = 1/2, both mea-
sured in the low-power limit with an estimated resonator
photon population of 〈n〉 ≈ 50. In both cases, the response
is linear and well fitted by Eq. (1). We calculate, using
the relation Is = dE(�)/d� that the maximum induced
screening current in the nanowires Is(δ� = 1/2) is 120
nA, an order of magnitude less than I nw

c . Crucially, the lack
of nonlinearity of the resonance at δ� = 1/2, along with
the fact that Qi remains a significant fraction of its zero-
field value, means that the nanowires are not being driven
close to their critical current by the applied flux. By a sim-
ilar argument, we know that the nanowires are not being
driven through Tc by a local heating process, as this would
also result in nonlinearity of the resonance at δ� = 1/2
due to dissipation in the highly resistive normal metal.

-Is the nanowire a constriction Josephson junc-
tion? “Dayem-bridge” Josephson-junction superconduct-
ing quantum interference devices (SQUIDs) are com-
monly embedded within CPW resonators [46,47] to
provide a flux-tunable resonant frequency. However,
when the SQUID loop has a large inductance, one
observes hysteretic tuning, characterized by the param-
eter βL = 2LIc/�0. When βL � 1, the SQUID behavior
becomes hysteretic with applied flux and the resonator will
exhibit discontinuous jumps in the resonant frequency, as
observed in Refs. [48,49]. Our device does not undergo
any discontinuous jumps, and the tuning over a single
flux quantum is symmetric, so βL < 1. Given this and the
known loop inductance, we can set an upper bound on the
critical current of any Josephson junction of I JJ

c < 100 nA.

FIG. 3. |S21| measured at �app = 0 and �app = �0/2 along
with fit (black line) to a linear resonance model. This shows
that at �app = �0/2 the response is linear, so the current in the
nanowire is well below the critical current.

This bound is 10× smaller than the expected transport crit-
ical current of our nanowires and also less than Is(δ�0).
Therefore, it is unrealistic to conclude that the flux tun-
ing we observe is a consequence of a dc SQUID formed
of Dayem-bridge Josephson junctions. We also note that
the closeness of the fit shown in Fig. 2 suggests there is
no contribution to the flux-dependent inductance from a
Josephson junction, which would add a 1/ cos � term to
Eq. (2).

-Is this a thermal or quantum process? Figure 4 shows
that tunneling always occurs at degeneracy. Following
Petković et al. [30], �φ+

N is defined as �φ+
N = φ+

N −
φmin,N , where φ+

N is the normalized flux φ = �/�0 at
which tunneling from state N to state N + 1 occurs, and
φmin,N is the flux that minimizes the loop free energy
for a particular winding number N . Our data shows the
periodicity, defined in this way, to be half a flux quan-
tum for all values of the winding number except N = 1
(we attribute the latter exception to enhanced flux focus-
ing at low magnetic field). This is in contrast to Ref.
[30], where a characteristic dependence of �φ+

N on N is
shown to be a defining feature of thermally activated phase
slips. By following the method of Ref. [30], we calcu-
late that �φ+

N ≈ 300 would be required in order for the
energy barrier to phase slips in our nanowire to be tuned
to � kBT. Correspondingly, we can estimate (see the Sup-
plemental Material [37,50–53]) that �QPS = 35 MHz for
our nanowire, and we calculate a temperature-dependent
�TAPS that is below 1 Hz for T < 1.5 K. Therefore, at
our measurement temperature, quantum tunneling of flux
is overwhelmingly more likely than a thermal transition.
For comparison, the inverse experimental timescale is
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FIG. 4. Normalized tunneling flux �φ+
N (defined in the main

text), as a function of the winding number N . The solid line corre-
sponds to half a flux quantum, �φ+

N = 0.5. Inset: magnetic-field
dependence of resonant frequency of the nanowire-embedded
resonator up to an applied field of 2.4 mT. The black dotted
lines mark transitions between winding number states (φ+

N ), and
the red dotted lines mark the energy minimum of each winding
number state (φmin,N ).

1/τE ≈ 0.2 Hz since, for each setpoint of the magnetic
field, it takes the VNA approximately 5 s to collect S21 data
across the resonance. Because, in contrast to previous stud-
ies, kBT/h > �QPS 	 1/τE when our device bias is swept
through the degeneracy point, a single quantum phase slip
always occurs before we are able to observe the system in
a higher-energy metastable state.

IV. CONCLUSIONS

We use a Ne FIB to fabricate NbN nanowires with
widths down to 25 nm embedded within CPW resonators.
We observe periodic modulation of resonant frequency and
intrinsic quality factor, which is consistent with quantum
tunneling of individual flux quanta mediated by quantum
phase slip, occurring when states of different winding num-
ber become degenerate. This behavior has been observed
in resonators with intrinsic quality factor, Qi, up to 2.7 ×
104 at 300 mK, and we note that the losses here are sig-
nificantly lower than reported in comparable studies [10].
We estimate that the QPS rate is of the order 10–100 MHz,
which means that the tunneling of a single flux quantum is
effectively deterministic on the timescale of microseconds.
This result shows the suitability of the Ne FIB process for
fabricating QPS devices. We also suggest that an inco-
herent QPS device with a high QPS rate such as ours
could be promising for classical digital logic processing
applications, where the quantum nature of the flux tun-
neling implies a reduction in heat dissipation compared

with current state-of-the-art devices, opening up a route
to resolving a roadblock to the upscaling of qubit control
electronics.
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