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In a Josephson junction, which is the central element in superconducting quantum technology,
irreversibility arises from abrupt slips of the gauge-invariant quantum phase difference across the
contact. A quantum phase slip (QPS) is often visualized as the tunneling of a flux quantum in
the transverse direction to the superconducting weak link, which produces dissipation. Here, we
detect the instantaneous heat release caused by a QPS in a Josephson junction using time-resolved
electron thermometry on a nanocalorimeter, signaled by an abrupt increase of the local electronic
temperature in the weak link and subsequent relaxation back to equilibrium. Beyond providing
a cornerstone in experimental quantum thermodynamics in form of observation of heat in an ele-
mentary quantum process, this result sets the ground for experimentally addressing the ubiquity of
dissipation, including that in superconducting quantum sensors and qubits.

The magnetic flux threading a superconducting loop is
quantized in units of the flux quantum Φ0 = h/2e. The
tunneling of a flux quantum in or out of such a loop is
associated to a change of 2π in the winding of the phase
of the quantum wave function along the loop. The ma-
nipulation of individual flux quanta is at the core of su-
perconducting circuit logics, both in the classical and in
the quantum information regime [1–3]. Rapid single-flux-
quantum (RSFQ) logic can operate up to 100 GHz fre-
quencies and is considered as promising classical control
electronics of qubits [4–6]. In the quantum regime, the
coherent superposition and manipulation of flux states is
at the basis of flux qubits [7, 8] and the fluxonium [9, 10].

Slips of the quantum phase occur when the gauge-
invariant phase difference across a weak link, that is,
a Josephson junction, in the superconducting loop sud-
denly relaxes (Fig. 1). Quantum phase slips (QPSs)
are ubiquitous in superconducting electronics and can be
seen as the dual process to Cooper pair tunneling. Fur-
thermore, coherent QPSs have been proposed as a build-
ing block for phase-slip qubit devices [1, 2, 11]. On the
other hand, their proliferation is responsible for the de-
struction of superconductivity in one dimension [12] and
can lead to thermal avalanches in current-biased Joseph-
son junctions [13]. In essence, a QPS can be considered
the quantum of dissipation in superconducting electron-
ics.

In this work, we investigate the thermal signature of
incoherent individual quantum phase slips in a supercon-
ducting Josephson junction. Applying a MHz-bandwidth
electron thermometry technique to a Josephson junction,
we measure the heat generated by a single QPS as well as
the subsequent thermal relaxation. The data are in good
agreement with a theoretical model that we developed
for describing the superconducting properties of the de-
vice. Our work therefore demonstrates the possibility to
quantitatively account for dissipative effects in quantum
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Figure 1. Quantum phase slip in a Josephson junc-

tion. (a) Real-space sketch of the QPS mechanism: at the
instability point of the Φx(ϕ) relation, the phase drop ϕ and
the screening current Is relax abruptly to smaller values, as a
quantum of flux tunnels perpendicular to the Josephson junc-
tion (dark grey), releasing heat. (b) Phase drop ϕ across the
SNS junction versus applied flux to the SQUIPT, following
Eq. (1) with β = 10. The dashed part of the curve cannot be
accessed. In a quantum phase slip (blue arrows), ϕ changes
by slightly less than 2π. (c) Potential energy of the SQUIPT
as a function of ϕ. A local energy minimum can become
unstable as the externally applied flux is changed. By macro-
scopic quantum tunneling of the phase, a lower energy valley
is reached, releasing an energy ∆U .

nanoelectronics, with evident applications to quantum
computing.

The experimental core element is a superconducting
quantum interference device (SQUID), that is, a super-
conducting loop containing one (as is the case here) or
more Josephson junctions, and to which a magnetic flux



2

Φx is applied. The difference between the applied and
the physical flux is absorbed by screening supercurrents,
leading to a gradient in the phase of the quantum wave
function along the loop, and, to a large extent, across
the Josephson weak link. The relation between Φx and
the phase drop ϕ across the Josephson junction can be
written as

2π(Φx/Φ0) = ϕ+ β sin(ϕ), (1)

with the screening parameter β = 2πLIc/Φ0, where L is
the loop inductance and Ic the Josephson junction’s crit-
ical current [14]. Irreversibility arises when the SQUID’s
magnetic screening parameter β exceeds 1 and Eq. (1)
is no longer single-valued, as illustrated in Fig. 1b,c. In
this situation, the penetration of an additional flux quan-
tum into the SQUID loop does not occur smoothly and
reversibly, but via a sudden tunneling of the phase, that
is, a quantum phase slip.
The above concepts are the basis of extensive appli-

cations in superconducting electronics, such as SQUID
magnetometry and superconducting flux qubits [7, 15,
16]. Notably, the Josephson weak links used in such
SQUIDs can be provided by a variety of junction types,
including tunnel junctions, micro-bridges, and prox-
imity weak links [17]. In the latter, a short, non-
intrinsically-superconducting element, such as a nor-
mal metallic wire allows for superconducting correla-
tions to propagate between both superconducting reser-
voirs. Due to the wire’s usually low normal state resis-
tance, following the resistively and capacitively shunted
Josephson junction model, the quantum phase dynam-
ics in such superconductor-normal metal-superconductor
(SNS) Josephson junctions are inherently overdamped
[14]. This ensures that upon a QPS, the quantum phase
only evolves towards the nearest neighboring potential
valley (Fig. 1c). This releases an energy

∆U =
Φ0

2πL

∫
Φx dϕ, (2)

which depends on the magnitude of the quantum phase
slip. In the large β limit, the phase jumps by about 2π,
and ∆U ≈ IcΦ0.
Our device consists of a SQUID with a single Joseph-

son junction, provided by an SNS weak link of length 520
nm (Fig. 2a). Here, the superconducting circuit parts
are made of aluminum, while the metal N is made of
copper. While the loop is grounded, the center of N
is further contacted by another superconducting finger
through a tunnel junction (Fig. 2a), with normal state
resistance RT ≈ 7 kΩ. This SQUID variant was named
SQUIPT [18], where PT stands for proximity transistor.
Our SQUIPT was designed to be in the hysteretic regime.
For this, we took into account the geometric and kinetic
inductance contributions, leading here to L ≈ 630 ± 50
pH. The SNS junction critical current Ic cannot be deter-
mined independently in this device, but is expected from

similar SNS devices in a current-biased geometry to be
of a few µA [19–21]. From this, values of the screening
parameter β ∼ 10 can be anticipated, in good agreement
with experiments, as discussed below.

Applying a dc voltage Vb to the tunnel junction, we
can perform tunnel spectroscopy by measuring its differ-
ential conductance G(Vb). Here, G is not read out, as
usual, by a low-frequency transport measurement, but
by a radio-frequency (RF) technique, using a supercon-
ducting LC resonator with resonant frequency 575 MHz
[22–24]. By embedding the tunnel junction in parallel
to the resonator, and for a fixed incident RF power Pin,
changes in G can be read out by their effect on the trans-
mitted power at resonance Pout, which we record after
cryogenic amplification (details in Supp. Info. file). This
has the paramount advantage of allowing for extremely
rapid measurements, limited by the resonator bandwidth,
of about 10 MHz here.

Figure 2b shows measurements of Pout(Vb) at two tem-
peratures. Several characteristic spectroscopic features
stand out, in particular (i) a spectroscopic gap of to-
tal width 480 µV, (ii) subgap resonances near ±190µV
visible only at 400 mK, and (iii) three low-energy reso-
nances at 0 and ±15µV, respectively. Keeping in mind
that the tunnel junction connects an intrinsic super-
conductor with gap ∆ and a proximized metal with a
(smaller) induced gap Eg, we can evaluate the total spec-
troscopic gap as 2(∆+Eg)/e. At intermediate tempera-
tures, thermally activated conductance resonances occur
at ±|∆ − Eg|/e, which we identify as feature (ii). From
the two above relations we find a gap ∆ = 210±5µeV in
the superconducting probe electrode at 400 mK (225 µeV
at 50 mK), a typical value in nanostructured aluminum.
We further extract Eg = 29µeV, in good agreement
with theoretical estimates (details in the Supp. Info. file).
Eventually, the conductance resonance at Vb = 0 (feature
(iii)) is a signature of the Josephson coupling across the
tunnel junction, which was purposely designed to have
an intermediate transparency [24]. The satellite peaks
at ±15µV are probably the signature of inelastic Cooper
pair tunneling [24] and are not of central relevance to this
work.

As visible in Fig. 2b,c and already discussed in detail in
[24–26], the zero-bias conductance of the tunnel junction,
and therefore Pout(Vb = 0), is a sensitive probe of the
electron temperature T in N. Accordingly, we set Vb = 0
in the remainder of this work and use Pout for both static
and dynamic electron thermometry, after initial calibra-
tion under equilibrium conditions (Fig. 2c). However,
and in contrast to previous work [24–26] in which N was
not subject to a phase drop, in the present device the tun-
nel junction conductance and thus Pout are clearly also
a function of the phase ϕ across the SNS junction. This
is seen in Fig. 2d, where sweeping the applied flux trans-
lates into a phase variation via Eq. (1). As ϕ → π/2, the
decrease of Eg [27, 28] entails a rapidly shrinking Joseph-
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Figure 2. Hysteretic RF-SQUIPT. (a) Device schematics, including a false-color scanning electron micrograph (scale bar 5
µm) of the SQUIPT loop (yellow area) and the rapid flux line (pink). The zoom highlights the SNS junction (Al = blue, Cu =
grey), connected laterally by the tunnel contact (cyan) (scale bar 200 nm), connected to the resonator. (b) Bias spectroscopy
Pout(Vb) at cryostat temperatures 50 mK (blue) and 400 mK (red). (c) Calibration of Pout(Vb = 0) versus cryostat temperature
at equilibrium, under two different phase drops. The grey shaded region thus covers all possible values of Pout(T, ϕ). (d)
Resonator response at Vb = 0 as a function of increasing applied magnetic flux, at three cryostat temperatures (50 mK, blue;
200 mK, black; 400 mK, red). The dark red line exemplifies the response to a downward sweep of the flux. The dashed line is
a calculation (see text). (e) Temperature dependence of the screening parameter β, extracted from (d), and theoretical fit (red
line, see text).

son energy EJ of the tunnel junction, and thus a decrease
of G(0), that is, an increase of Pout. When the switch-
ing point in the Φx(ϕ) relation is reached, ϕ suddenly
relaxes to a smaller value (modulo 2π), restoring EJ and
thus leading to an abrupt drop in Pout. As expected, the
same pattern is repeated with period Φ0 in the applied
flux and mirror symmetric under inversion of the sweep
direction [29]. At higher temperatures, β ∝ Ic decreases
and the modulation amplitude of Pout(Φx) shrinks, while
the Φ0-periodicity of the signal is preserved.

For a quantitative understanding of the RF-SQUIPT,
we use the quasi-classical Usadel equations [27, 30–32],
with a single consistent set of microscopic parameters,
described in detail in the Supp. Info. file. The density
of states in N is known to display a minigap, which de-
pends approximately on ϕ like Eg(ϕ) = Eg(0) | cos(ϕ/2)|
[27]. The tunnel junction connecting the condensate in
N to the superconducting probe electrode has a Joseph-
son energy EJ(ϕ, T ) and thus a zero-bias conductance

G(ϕ, T ), which can be drawn back analytically to Eg(ϕ)
and the critical current Ic of the SNS junction. In com-
bination with Eq. (1) and the relation between G and
Pout, the calculation provides an accurate description of
the applied-flux dependence of the RF signal (Fig. 2d),
the only adjustable parameter being the magnitude of β.

The temperature dependence of β extracted from the
data in Fig. 2d is plotted in Fig. 2e, following the trend
expected for Ic(T ) in an SNS junction. The solid line
shows the calculation from the same model as above,
yielding a 5.9µA zero-temperature critical current in the
SNS junction. The parameters entering the calculation,
and in particular the minigap, are determined indepen-
dently using the tunnel spectra (Fig. 2b). We attribute
the slight underestimation of β by theory above 300 mK
to the temperature dependence of the kinetic inductance,
which was not accounted for.

The data discussed so far, and summarized in Fig. 2,
provide a consistent physical understanding of the RF-
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Figure 3. Heat relaxation dynamics after a QPS. (a) Time-resolved electron temperature in the absorber, at different
starting temperatures set by the cryostat bath, following a 70-ns flux pulse at t = 0. The data sampling rate is 2 MHz, the
data shown are the result of averaging over 105 pulses, at a repetition rate of 2 kHz. (b) Return to equilibrium ∆T (t) at 100
mK, following a flux pulse. Same data as the black curve in (a), but in a semi-log-scale representation and over a wider time
window. The red line is a calculation based on the model discussed in the text. The dashed line is an exponential fit (with
time constant τ ≈ 140µs) to the long-term relaxation, evidencing the presence of a second slowly relaxing bath. (c) Magnitude
of the initial temperature rise ∆T0 at t = 0, determined by the fit as shown in (b) (bullets). The solid line is a calculation (see
text).

SQUIPT under time-averaged, and thus isothermal con-
ditions. We now move to the time-resolved response
Pout(t), which displays the calorimetric signature of the
heat deposited by individual QPS events. In addi-
tion to the static flux bias, we apply a time-dependent
(square-wave or pulsed) flux, by passing a current IRFL(t)
through the superconducting rapid flux line (RFL), vis-
ible on the left side of the SQUIPT in Fig. 2a. The
instantaneous flux bias is Φx(t) = M IRFL(t), with a mu-
tual inductance M = 12.1 pH further discussed in the
Supp. Info. file. In order to increase the signal-to-noise
ratio, we average the resonator response over a large num-
ber of periodically generated identical 70 ns flux pulses.

As long as the amplitude of the flux pulses does not ex-
ceed the threshold leading to a QPS, Pout follows changes
in Φx(t) instantaneously (not shown, see Supp. Info. file
for details). However, as soon as the threshold to insta-
bility of the flux state is overcome, Pout(t) displays in ad-
dition a slower relaxation to its novel equilibrium, which
is indicative of thermalization. As evidenced from Fig.
3a, the relaxation dynamics after a flux pulse are strongly
temperature dependent, as expected for instance from a
dominantly electron-phonon (e-ph) coupling-driven ther-
malization after an initial heating event [23]. Above 300
mK, the relaxation times become too short (< 1µs) to
be measured.

The thermal dynamics can be described by a heat bal-
ance equation, basing on the standard assumption that
variations of the absorber’s internal energy U are evac-
uated to a heat bath via electron-phonon coupling. In

metallic nanostructures at low temperatures, this power
is usually written Q̇e−ph = ΣV(T 5 − T 5

0 ), where Σ =
2× 109 WK−5 m−3 is the electron-phonon coupling con-
stant in copper [33, 34], and V ≈ 8× 10−21 m−3 the geo-
metrically estimated absorber volume. Given the rather
small Eg in the SNS junction, our calculations indicate
that the proximity effect should only lead to negligibly
small departures from the normal-state electron-phonon
coupling and heat capacity C, at the experimental tem-
peratures. Therefore we write U = γT 2/2, using a re-
ported γ = 71 Jm−3 K−2 in nanostructured Cu [34]. As
seen in Fig. 3a, the temperature increase after the initial
heat pulse can be large compared to the starting temper-
ature. The dynamical heat balance differential equation
thus cannot be linearized in ∆T = T − Tb, and must be
solved numerically. The result at Tb = 100 mK is shown
in Fig. 3b (red line), where the only free parameter is the
initial temperature increase ∆T0. The calculation follows
closely the data during the first period of the thermal re-
laxation. Interestingly, the initial fast decay is rapidly
taken over by a much slower process, which was already
reported for nanoscale Cu absorbers [34, 35]. This might
be due to another heat reservoir, for instance in surface
states of the Cu absorber.

The initial temperature increase ∆T0 after a flux pulse
is plotted as a function of the starting temperature in
Fig. 3c. Naturally, the temperature rise is highest when
starting from the lowest base temperature, because at
higher temperature both C increases and ∆U ∼ IcΦ0

decreases. For a quantitative modeling, one must bear in
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mind that a flux pulse induces necessarily two QPSs: one
while ramping up the flux bias, and the second when re-
turning to the initial state. We account for the fact that
the return QPS occurs at a higher electronic temperature
and thus produces less dissipation. The sudden tempera-
ture rise after the first QPS could also lead the sinusoidal
potential energy landscape modulation (see Fig. 1c) to
collapse to the point that the reached valley also becomes
unstable and the phase eventually jumps by 4π, or more.
This was actually observed in another device, which we
describe in the Supp. Info. file, but does not apply in the
sample described here. Finally, the quasi-classical Usadel
formalism with the same set of microscopic parameters as
previously, in combination with Eqs. (1,2) and the known
values of γ and V, describes very accurately (red line in
Fig. 3c) the initial temperature rise ∆T0.

Our findings of microsecond-scale thermal relaxation
following a QPS tracked in real time highlight both the
paramount effect dissipation can produce in quantum cir-
cuits, and the potential of large-bandwidth electron ther-
mometry for quantum thermodynamics in nanoelectronic
circuits. The detection of a quantum of dissipation in a
Josephson junction opens promising perspectives for fu-
ture experiments. These would aim, for instance, at de-
tecting the minute dissipation arising from a projective
qubit measurement with emission of a single microwave
photon [36], or the detection of the elusive axion with
even smaller energy [37]. On the other hand, the proper
measurement and control of dissipation in QPS-based cir-
cuits will allow for overcoming self-heating-limited device
performances.
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