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Propagation and relaxation of nonequilibrium quasiparticles in superconductors are fundamental for
functioning of numerous nanoscale devices, enabling operation of some of them, and limiting the per-
formance of others. The quasiparticles heated above lattice temperature may relax locally via phonon or
photon-emission channels, or diffuse over appreciable distances in a nanostructure altering the functional-
ity of their remote components. Tracing quasiparticles experimentally in real-time domain has remained a
challenging task owing to their rapid dynamics. With electronic nanothermometry, based on probing of the
temperature-dependent switching current of a superconducting nanobridge, we monitor heat pulse carried
by a flux of nonequilibrium quasiparticles as it passes by our detector with a noise-equivalent temperature
of 10 mK/

√
N , where N is the number of pulses probing the bridge (typically N = 10 000), and temporal

resolution of a single nanosecond. The measurement provides the picture of quasiparticle diffusion in a
superconducting aluminum strip and direct determination of the diffusion constant D equal to 100 cm2/s
with no energy dependence visible.

DOI: 10.1103/PhysRevApplied.14.044024

I. INTRODUCTION

The superconducting state at a finite temperature is
characterized by equilibrium population of not paired
electrons, known for their finite lifetime and tendency
to recombine back into Cooper pairs as quasiparticles
(QPs). When a metallic nanostructure is cooled down
towards absolute zero, energy transfer between electrons
and phonons becomes much less efficient resulting in ther-
mal decoupling of the two systems [1]. If electrons absorb
energy due to the Joule heating or irradiation with pho-
tons, they acquire temperature higher than that of the
lattice. Such overheated electrons, often referred to as hot
electrons, in a superconductor are known as nonequilib-
rium QPs. They diffuse in a nanostructure until they emit
phonons [2] or photons [3] and adopt equilibrium occu-
pation of states corresponding to the lattice temperature.
The diffusion process, albeit much slower than ballistic
propagation of electrons with the Fermi velocity vF , has
been too fast for existing experimental techniques to be
traced in real-time domain. Dynamical thermal proper-
ties of nanostructures at low temperatures were mostly
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investigated by assumption of heat-flow models describing
thermal steady states, involving thermometry based on
normal-metal–insulator–superconducting tunnel junctions
[4–6], measurement of superconducting quantum interfer-
ence device (SQUID) noise [7] and Coulomb blockade in
quantum dots [8]. Since thermal and electrical attributes
are intimately related, it was possible to get access to some
thermal parameters by performing electrical transport mea-
surements, e.g., the Einstein formula for a degenerate
conductor relates a diffusion constant and electrical con-
ductivity [4], the Wiedemann-Franz law relates electrical
and thermal conductivities [9,10]. There were also suc-
cessful measurements of the thermal transients with tem-
perature sensors embedded in rf or microwave resonators
[11,12] with a noise-equivalent temperature (NET) ranging
from 90 μK/

√
Hz [13] to 10 μK/

√
Hz [12], respectively.

They demonstrated real-time traces of the electron temper-
ature for QPs releasing their excess energy to phonons.
Owing to a typical bandwidth of 10 MHz, experimental-
ists were able to trace thermal relaxation times down to
approximately 300 ns at temperatures below 0.5 K [14,
15]. Utilizing recently developed switching thermometry
with Josephson junction [16], we present direct measure-
ment of the QP diffusion in the superconducting nanos-
tructure achieving resolution below 100 μK. Our study
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shows that tracing thermal processes in nanoscale with
nanosecond resolution is possible and opens alternative
perspectives for investigation of thermodynamics of low-
temperature quantum circuits. A proper understanding of
thermal transients is essential for failure-free functioning
of cryogenic nanodevices, involving design and develop-
ment of nanoscale calorimeters and bolometers [17–19],
microcoolers [20], and qubits. Devices like single-electron
boxes, proposed as building blocks of modern current
standard, suffer from the presence of QPs responsible for
leakage currents and resulting “counting errors,” that spoil
metrological applications. Similarly, microcoolers’ perfor-
mance is degraded due to the QP poisoning. The QPs are
also known to have a detrimental influence on the coher-
ence times of superconducting [21] or Majorana [22,23]
qubits. On the other hand, the creation of QPs due to
photon absorption makes it possible for superconducting
bolometers to detect incident radiation with the lifetime
of QPs imposing an intrinsic limitation on the bandwidth
of such sensors [14]. Our study may offer alternative
ways for advancement of the emergent fields of quan-
tum thermodynamics [24] and phase-coherent caloritronics
[25]. The latter involves generation and manipulation of
heat currents to demonstrate innovative-concept devices
[26,27]. Harnessing heat-current pulses as thermal coun-
terparts of electrical signals could extend the discipline
beyond steady-state investigations and provide a compet-
itive alternative for phononics [28] and spin caloritronics
[29].

II. SAMPLE

We fabricate a device with a normal-metal heater
galvanically connected to a superconducting aluminum
nanowire interrupted with a nanobridge (Fig. 1, [30]).
The bridge is a sensitive thermometer and the Joule-
heated copper island, placed XT = 60 μm away, is a
source of nonequilibrium QPs, where electrons are pro-
moted to higher energy levels with the local Fermi-Dirac
distribution characterized by temperature elevated above
the phonon temperature. The distribution relaxes towards
equilibrium with phonons only gradually and relaxation
process may require seconds in a few milikelvin temper-
ature [31–33]. Hot electrons move with vF (equal to a few
percent of speed of light) but due to scattering on differ-
ent lattice defects, i.e., grain boundaries, sample surface,
or impurities, their spreading in nanostructure is not so
fast but instead takes on diffusive character. Qualitatively,
in its random walk an average hot electron bounces off
each approximately 2–100 nm (a length known as an elas-
tic mean free path lMFP) and after many collisions covers
distance given by Einstein-Smoluchowski law:

〈
l2

〉 = Dτ ,
where

〈
l2

〉
is a mean square displacement from a start-

ing point after time τ and D is the diffusion constant. It
accounts for approximately 1–1000 ns required for hot
electrons to spread in a conventional microstructure with
size 10–100 μm. For the presented sample, hot electrons
diffuse along the wire transporting the heat away from the
copper island. On the way they lose energy to phonons (q̇EP

1 µm

200 nm

1 2

3
Distance Time

Te
m

p
er

at
u

re

X
T

IH

FIG. 1. Pictorial layout of the experiment. Hot electrons are created in the heater by applying short current pulse IH (approxi-
mately 10 ns long) flowing between ports 1 and 2. QPs start diffusing along the nanowire. Qualitatively, their population at the
bridge location is derived from the time-evolving Gaussian profile as NT(τ ) ∼ (1/

√
2πDτ) exp(−X 2

T /2Dτ) within the free-particle
diffusion model, with the maximum of hot-electron signal indicated at τ0 = X 2

T /D. Similarly, hot-electron population in the heater is
NH (τ ) ∼ 1/

√
2πDτ . Taking into account annihilation of nonequilibrium QP due to interaction with phonons and “colder” QPs allows

us to describe the temperature variations in the bridge quantitatively (see description in the text), but introduces only minor changes to
temporal dynamics with almost the same time marking the onset and the maximum of the QP signal at the bridge. The insets show the
SEM images of the copper heater and the aluminum nanobridge of the measured nanostucture. The testing pulse Itest, flowing between
ports 1 and 3 is used to test the bridge temperature (see description in the text).
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is the energy flux to phonons) and equilibrate with local
QPs occupying lower-energy states characterized by lower
temperature. We assume that in each section of the wire
electrons are described with equilibrium Fermi-Dirac dis-
tribution and their temperature is well defined. The energy
required for the hot-electron flux to equilibrate with local
electrons is accounted for by the heat capacity Cp of the
QPs in the superconducting state. Finally, QPs arrive to the
nanobridge, whose switching current is sensitive to their
local population.

III. SWITCHING THERMOMETRY

We use and further develop nanosecond thermometry
based on stochastic switching of a Josephson junction
from superconducting to normal state [16,34]. A particular
type of Josephson junction, a superconducting aluminum
nanobridge known in the literature as the Dayem bridge,
is well tailored for tracing rapid changes in temperature,
which are expected when hot electrons propagate across
the nanostructure. The bridge is probed with train of N
current pulses (see Itest pulse sent between port 1 and 3
in Fig. 1) in the experimental setup presented within the
Supplemental Material [30]. In response to each pulse it
may either remain in the superconducting state or tran-
sit to the normal state. The switching process is both
current and temperature dependent. Number of switching
events n increases with amplitude of the probing pulse
and switching probability P = n/N renders a familiar
S-shaped curve. Such an S curve is centered at lower cur-
rent amplitudes for higher temperatures [Fig. 2(a)]. The
variation of S-curve position with temperature [Fig. 2(b)]
and its slope define the temperature responsivity �P/�Te
at constant testing current amplitude [Figs. 2(e) and 2(f)].
Alternatively, temperature can be derived by associat-
ing unique current amplitude corresponding to P = 0.5
switching probability with temperature [Fig. 2(b)]. We
call these two switching-thermometry methods “Temper-
ature from probability” and “Temperature from switching
current,” respectively.

A. Temperature from probability

During a thermal transient, when a nanobridge is probed
with pulses of a constant amplitude, excess values of
the switching probability �P correspond to departures of
electron temperature �Te from lattice temperature Tph. In
the linear range of an S curve (δP/δItest = const), cov-
ering the interval 0.2 < P < 0.8, �P is proportional to
�Te. We tune switching current to obtain P = 0.2 for
Te = Tph. Then electron temperature during any moment
of relaxation is Te = Tph + �Te = Tph + (−δP/δItest ×
dIsw/dTe)

−1�P. The conversion formula is the result of
mutual relation (i.e., triple product rule) between three par-
tial derivatives δP/δItest, δItest/δTe, δP/δTe illustrated in
Fig. 2(e). Collection of P(Itest) dependences at different

temperatures gives knowledge of δP/δItest and dIsw/dTe,
and allows us to calculate the temperature responsivity
at constant testing current amplitude (�P/�Te)Itest . The
uncertainty in Te determination is set by accuracy of prob-
ability measurement [34], that is �Pun = [P(1 − P)/N ]1/2

(N is number of pulses) and reads �Te,un = (−δP/δItest ×
dIsw/dTe)

−1�Pun. The method is applicable only for lin-
ear regime when �P ∼ �Te. We define a NET in units
of K/

√
N as the normalized uncertainty �Te,un × √

N [see
Fig. 2(f), right axis]. Increasing number of testing pulses is
equivalent to reduction of the measurement bandwidth.

B. Temperature from switching current

The second method of temperature determination
requires only knowledge of the Isw(Te, P = Pgoal) curve.
Here, during the relaxation process, the bisection algorithm
iteratively finds the switching current corresponding to
probability P = Pgoal ± �Pbis (the search is stopped when
measurement yields the probability from the specified
interval). The obtained value is converted into temper-
ature. The uncertainty in Te determination is set by
accuracy of probability measurement, like in the first
method, but in addition it also suffers from nonzero
value of �Pbis, which for typical experiment is �Pbis =
0.01 − 0.02, significantly bigger than �Pun. We get for
the second method �Te,un = (−δP/δItest × dIsw/dTe)

−1 ×
(�Pun + �Pbis). The method is less sensitive but it is well
suited for probing transients in a nonlinear regime.

IV. QP DIFFUSION MEASUREMENT

To trace propagation of hot electrons, we first create
their population applying short current pulse (with nom-
inal length 10 ns) to the copper island (ports 1 and 2 in
Fig. 1) and then we send the testing pulse on the bridge
(ports 1 and 3 in Fig. 1). The testing pulse consists of two
parts: probing section–nominally 10 ns long, followed by
a few μs sustain part needed for readout of the state of the
junction [16]. We repeat the whole sequence N times to
measure switching probability corresponding to the given
delay between the two pulses. The delay can be set with
accuracy better than 1 ns. Varying the delay allows us to
reconstruct the temporal variation of the switching prob-
ability as the electron diffusion proceeds. The temporal
resolution of the measurement is limited by the length of
the probing portion of the testing pulse: the bridge can
switch only for the topmost part of the pulse, which is
estimated to be approximately 6 ns in our experiment (see
Appendix A). It accounts for the relative accuracy of the
delay equal to the half of the width of the testing pulse,
i.e., ±3 ns.

The typical experimental profile is presented in Fig. 3.
The hot-electron signal peaks up approximately 300 ns
after application of nominally 10-ns-long heating pulse,
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FIG. 2. Switching thermometry. (a) Main panel presents collection of S curves recorded at various bath temperatures with N =
10 000. (b) Temperature dependence of the switching current Isw = Itest(P = 0.5) as extracted from the S curves. The dependence
serves as the calibration curve in the “Temperature from switching current” method (see discussion in the text). (c) Switching current
responsivity dIsw/dTe. (d) Slope of the S curves δP/δItest. (e) Experimental dependence of the switching probability P on the testing
current Itest and temperature Te. The map is different presentation of S curves displayed in (a). Inset: close up of the dependence with
indicated probabilities PA, PB, and PC = PA. The zero change in probability on the path ABC (�PABC = �PAB + �PBC = 0) allows us
to establish temperature responsivity �P/�Te. (f) (�P/�Te)

−1 serving as the calibration curve in the “Temperature from probability”
method (left axis) and the resulting NET (right axis). The lines imposed on the experimental data are empirical polynomial fits.

which qualitatively agrees with diffusion time across 60-
μm-long nanowire, discussed earlier. One can observe
the delay of approximately 40 ns between the heating
pulse and the onset of the signal. Importantly, the delay
shows that switching current of the bridge depends on
the local distribution (local temperature) of QPs, not on
the temperature of the electromagnetic environment (see

also Secs. VI and VII). The experimental profile allows
us to determine the diffusion constant via direct com-
parison with simple free-particle diffusion model (Fig.
3, see also Supplemental Material [30]). The fit yields
value of D = (100 ± 5) cm2/s. Since the diffusion con-
stant, governing the spreading of electrons in one particular
direction (i.e., along the length of the wire), is equal to
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FIG. 3. Switching probability as a function of delay between
heating (red or blue, IH applied between ports 1 and 2) and test-
ing pulse (black, Itest applied between ports 1 and 3). Two traces
are imposed on each other corresponding to two current polar-
ities of the heating pulse. The delay equal 0 corresponds to the
testing and heating pulse arriving to the device at the same time.
In such a case, a small fraction of the heating pulse (< 0.5%)
flows through the bridge, subtracting from or adding to the test-
ing pulse. The temporal overlap of the heating and testing pulse
is therefore well visible in the switching probability offering a
convenient mean for timing calibration of the experiment. Note-
worthy, two heating pulses of different polarities, but of the same
amplitude, produce the same thermal response, as expected. The
number of pulses to measure each point is N = 10 000 with
repetition time of 100 μs. The thick solid line is the simple free-
particle diffusion model presented in Fig. 1 fitted to the onset of
the signal for D = 100 cm2/s. The vertical line cuts the timescale
into a linear and a logarithmic part.

D = 1/3 × vF × lMFP, setting vF = 2 × 106 m/s we obtain
lMFP = 15 nm, a value comparable with the grain size of
our polycrystalline aluminum (Fig. 1, [30]). Using cali-
bration dependence (�P/�Te)

−1 [Fig. 2(f)], we convert
the measured signal into electron temperature. In Fig. 4
we present results of such a conversion for different bath
temperatures and heating currents. We also heat the copper
island with pulses of different duration observing gradual
buildup of the temperature profile until the steady state
with an elevated temperature on the bridge is reached
[Fig. 5(a)]. Similarly, we collect transients appearing after
10-μs-long heating pulse is turned off [Fig. 5(b)].

V. THERMAL MODELING

The onset of the QPs is well described by the free-
particle diffusion model, which nevertheless fails to
explain the observed signal at longer delays. To understand
the overall shape of the experimental diffusion profile we
elaborate a more detailed thermal model describing evolu-
tion of temperature in the wire. Firstly, owing to enhanced

electron-phonon coupling, hot QPs are expected to dissi-
pate their energy to phonons before they reach the bridge.
Secondly, diffusing electrons should lose some energy to
equilibrate with local and “colder” QPs. We map our three-
terminal device into the 1D model to perform simplified
heat-flow analysis of the aluminum line interrupted by the
3-μm-long copper section. Instead of considering leads 1
and 2 we replace them with a single lead of the same cross
section as lead 3, but with thermal parameters rescaled by
a single geometry factor k = Q̇1 + Q̇2/Q̇3 = 3 (Fig. 6).

We analyze the diffusion process by numerically solving
the one-dimensional time-dependent heat-flow equation
for the electron temperature Te(x, t):

δ

δx

(
κ

δTe

δx

)
= Cp

δTe

δt
+ q̇EP − r × I 2

H

S
, (1)

where the left part of the equation describes the net
heat flux carried by hot electrons [κ(x, Te) is the elec-
tron thermal conductivity] and terms on the right-hand
side describe the increase of electron energy [Cp(x, Te)

is electron heat capacity], power transmitted to phonons
q̇EP(x, Te) and heating defined by a time-dependent cur-
rent pulse IH (t). r(x, Te) is the resistance per unit length
and S = 600 nm ×30 nm is the cross section of the alu-
minum nanowire. In solving the equation we assume the
literature-based values of thermal parameters [5,30,35,36].

We find the best correspondence between numerical
simulation and experimental data assuming the effective
resistance of the copper heating island Reff = 1.6 �. This
parameter is used consequently for all modeling. The Reff
value is roughly three times smaller than the measured
resistance (R = 4.5 �) of the heater line spanning between
ports 1 and 2 (see Fig. 1). The difference can be ascribed
to the fact that hot electrons created in the copper heater
are Andreev reflected at the normal-metal–superconductor
interface and only those with sufficiently high energies can
enter into the aluminum nanowire as nonequilibrium QPs
[37,38]. The calculated temperature profiles are imposed
on the experimental data in Figs. 4 and 5.

Fully quantitative analysis based on the heat-flow
equation presented in the text gives a good agreement
with experimental profiles. Our model uses only one fit-
ting parameter Reff for all profiles, otherwise it is based on
thermal parameters available in the literature [30]. Con-
sidering their functional dependences the agreement is
remarkable. We use the logarithmic scale in Figs. 4 and
5 for the horizontal axis, although it magnifies any dis-
crepancies between the model and experimental data for
short delay times. On the other hand, it allows us to per-
form the comparison over 3 orders of magnitude of the
temporal scale. We see that the thermal model reconstructs
the timing of the experiment surprisingly good. The model
predicts well the time delay for the onset of the signal,
the moment of its accumulation (the peak) and delivers
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FIG. 4. Temperature dynamics of the superconducting nanobridge after creating nonequilibrium QPs in the copper heater placed 60-
μm away with a short heating pulse. (a) Hot-electron signal measured for the same heating pulse at various bath temperatures: 0.4–0.6
K (main panel) and 0.65–0.8 K (inset). Noteworthy, the hot-electron signal for T = 800 mK shows only 400−μK peak with accuracy
better than 100 μK. (b) Hot-electron signal measured at constant temperature for various heating pulses. The “noisy” profiles are
experimental data for which the temperature is extracted with the “temperature from probability” procedure. Solid lines are calculated
numerically for the 1D heat-flow model discussed in the text.

proper relaxation time for the tail of the signal. In fact, it
proved to be very helpful in designing the geometry of our
sample. Our modeling properly captures the suppression
of the hot-electron signal with increasing bath temperature
(as arising from the enhanced electron-phonon coupling
and the larger heat capacity). It also properly describes the
effect of the heating power and transients leading to the
steady states (see Fig. 5). The model contains no effect of
electromagnetic environment.

The measurements presented in Fig. 4 reveal the spa-
tial range of QPs, their lifetime, and identifies mechanisms
responsible for their annihilation. We observe the fast
buildup (of order of 100 ns) of QPs’ population at the
detector in response to a remote heating pulse. The sig-
nal is much more pronounced at lower temperatures, where
electron-phonon coupling is suppressed [30]. At Tbath =
0.4 K relaxation time is of order of 1 μs and it decreases
to approximately 100 ns at Tbath = 0.8 K owing to the
dominant role of electron-phonon coupling on electron
temperature relaxation at higher temperatures.

VI. THE EXPERIMENTAL FACT FOR THE LACK
OF INFLUENCE OF ELECTROMAGNETIC

ENVIRONMENT ON THE MEASURED
EXPERIMENTAL PROFILES

It may come as a surprise that our results are not
affected by electromagnetic environment of the junction,
as expected from the orthodox theory of the thermally
activated switching [39]. We observe the delay of approxi-
mately 40 ns between the heating pulse and the onset of the

signal on the bridge (Figs. 3 and 4). Heating pulse heats up
the different parts of the junction environment. Generally,
one can expect that the change of temperature of elec-
tromagnetic environment should be immediately seen on
the bridge, since electromagnetic signals propagate at the
speed of light. Moreover, the biggest signal should be seen
on the bridge just after heating pulse is over, when the envi-
ronment is at the highest elevated temperature. It is not the
case in our experiment. After we send pulse on the heater
line, there are no response on the bridge for a few dozens
of nanoseconds. It proves that the measured profile (Fig.
3) is not sensitive to changes in temperature of the remote
electromagnetic environment of the bridge as it is also con-
firmed in Sec. VII and Appendix A. The circuit analysis
(see Appendix B) shows that the Johnson-Nyquist noise
of the heater is shorted to ground and cannot affect the
switching process. On the other hand, the noise generated
on the testing line does not change during switching mea-
surements and creates a constant background for the signal
without affecting the diffusion profiles of quasiparticles.

VII. EQUIVALENCE OF THE STATIC AND
DYNAMIC TEMPERATURE

We measure a set of S curves during the temporal tran-
sient. The results are presented in Fig. 7. The dynamic S
curves look exactly the same as the static S curves col-
lected in the equilibrium state, further proving that the
switching in our case is only sensitive to the local distri-
bution of quasiparticles, not to the environmental noise. It
allows us to translate the time dependence of probability
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into the time dependence of temperature with the aim of
the static calibration.

VIII. DISCUSSION

One can expect that at higher bath temperatures, owing
to higher average energy QPs should arrive to the detector

Device layout

1D model
Tbath Tbath

Cu
Al
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Q2 Q3Q1+

Q2
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1 3

(a)

(b)

Q13

FIG. 6. (a) Layout of the nanostructure. (b) The modeled 1D
strip with left-hand-side thermal parameters modified to account
for the heat-flow asymmetry in the real structure. Based on sim-
ilar surfaces of NS interfaces defined on the top of the copper
island (see inset of Fig. 1) we assume that total generated heat
gives rise to two equal heat fluxes Q̇2 and Q̇13 (Q̇2 = Q̇13 =
Q̇1 + Q̇3 and Q̇1 = Q̇3) responsible for evacuation of the energy
from the heater.

faster. Such an expectation is a result of group velocity
vg scaling with energy as vg = vF

√
1 − �2/E2, where �

is the superconducting gap [4]. It is not what we see in
the experiment. The temporal onset of the signal does not
depend on temperature and heating power. Instead, all pro-
files for short delays can be fitted with the same diffusion
constant [30].

The long lifetime and spatial range of QPs at low tem-
peratures make it obligatory to engineer gap and trap
structures for single-electron boxes [40,41], microcoolers
[42], and qubits [43]. The presented experiment can be
easily modified to test the efficacy of QP trapping in nor-
mal metal [44–46], or in Meissner or vortex states [41], if
a normal-metal island or a wider piece of aluminum strip
(allowing to accommodate a vortex [47]) is inserted on the
way between the heater and the detector.

We measure QPs’ propagation down to 400 mK. The
lifetime and propagation range are expected to be vastly
increased when lowering temperature towards absolute
zero. The natural extension of the current work is a
measurement of QP diffusion at temperatures below 100
mK, typical for superconducting qubit operation. It can
be accomplished by using Josephson junction exhibiting
switching-current sensitivity at lower temperatures com-
pared to the presented aluminum nanobridge. An S-N -S
proximity junction or a titanium nanobridge would perhaps
be good candidates. Studies at the lowest temperatures can
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FIG. 7. Comparison of the S curves collected in the static and dynamic measurements. (a) Set of the static S curves collected at the
fixed bath temperatures (in the equilibrium state). (b) Dependence of the switching probability on the delay between heating and testing
pulse. (c) The dynamic S curves (solid circles) collected for various delays corresponding to points A, B,. . ., M in (b) as compared to
the static S curves measured at fixed bath temperatures (open squares). Since our S curves (points B and C) do not detect the effect
of the heating pulse for the first approximately 25 ns (they look exactly the same as the S curve measured in equilibrium without
application of the heating pulse), we conclude that environmental effects have negligible influence on the changes in the measured
signal after application of the heating pulse.

help to resolve the mystery of the residual QP density,
which appears not to follow the BCS theory.

The BCS value of coherence length ξBCS for alu-
minum in the clean limit (lMFP � ξBCS) is ξBCS=1.6 μm.
In our case, lMFP = 15 nm and the coherence length is
rescaled to be ξ = 0.85(ξBCS × lMFP)

0.5 = 132 nm. Our
nanobridge has a length of l = 230 nm. For a supercon-
ducting nanobridge to be a Josephson junction understood
as a set of Andreev bound states, we require l < ξ . Our
bridge does not satisfy this criterion and perhaps com-
prises an element in between a Josephson junction and a
short wire. We note, however, that it is not essential in the
current presentation, which utilizes the bridge as a tool to
get insight into thermal dynamics of the superconducting
nanostructure, and does not focus on the description of the
switching mechanism of the bridge.

We emphasis that the interpretation of our experiment
does not depend on the switching mechanism. We rely on
the calibration of the switching probability against the bath
temperature. Such an approach is the only possible way
to interpret the switching current in terms of the phys-
ical temperature. We notice that theories describing the
escape mechanism hardly have the predictive character
in quantitative terms. They are used in the physics of

Josephson junctions (JJs) and nanowires to explain the
shape of the observed switching histograms and S curves
but applied alone they cannot be used to find the ther-
modynamic temperature of the experiment. In general, the
extraction of the thermodynamic temperature is only pos-
sible if the escape process is governed solely by thermal
fluctuations. Even then, great care must be taken to inter-
pret the data properly, for there is the double-exponential
dependence involved in calculations of the switching prob-
ability with some parameters poorly known.

Variations of switching current in JJs are set by two
factors: (i) value of the superconducting gap (it is local
property of the junction that together with temperature sets
its critical current according to the Ambegaokar-Baratoff
formula) and (ii) strength of electromagnetic fluctuations
induced by environment (it is a nonlocal property that
may make the junction sensitive to temperature of remote
impedance). In the case of a Dayem nanobridge with crit-
ical current of about 50 μA, as the one studied here, the
first factor dominates and fluctuations play a minor role:
switching current follows closely the critical current tem-
perature dependence [30]. Since IC is the local property
of the bridge, its measurement reflects the temperature
of the bridge. It is in contrast to a tunnel junction (with
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IC < 1 μA) for which the switching current is signifi-
cantly suppressed compared to IC due to electromagnetic
fluctuations of the environment [30,39,48].

IX. CONCLUSIONS

We demonstrate the real-time measurement of the
nonequilibrium QP diffusion in the superconducting alu-
minum nanowire. Such an investigation is possible
because our fast thermometry delivers resolution at single-
nanosecond level (tres ∼ 1 ns) accessing the regime where
tres � L2/D with L being the spatial extent of the experi-
ment (i.e., distance between QP source and detector). Our
data are in agreement both with the simple model of the
free-particle diffusion (allowing for direct determination
of the diffusion constant), and a more involved thermal
model taking into consideration the electron-electron and
electron-phonon scatterings with the first mechanism being
accounted for by the electron heat capacity term and the
second one by electron-phonon coupling in the heat-flow
equation. Curiously enough, the method involves measure-
ment of somewhat abstract probability from which electron
temperature can be obtained. The presented switching ther-
mometry allows us to study fast nonequilibrium thermal
processes in nanostructures offering an attractive tool for
experimental quantum thermodynamics and caloritronics.
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APPENDIX A: ON-CHIP IMAGING OF THE
TESTING PULSE

The square pulses in Fig. 3 correspond to their nomi-
nal definition in the 80-MHz generator and is presented for
conceptual purpose, mainly intended to explain the timing
of the experiment. In fact, our 80-MHz generator deliv-
ers pulses with leading and trailing edges of 3 ns. The real
shape of the testing pulse, as recorded on the 600 MHz (2
GS/sec) oscilloscope, is presented in Fig. 8.The bridge can
switch only for the topmost part of the pulse in the current
interval qualitatively corresponding to the S-curve width.
The testing time is thus approximately 6 ns.

One may wonder if the actual probing and heating pulse
reach the nanodevice with its shape unperturbed. To con-
trol the quality of the pulse reaching the sample we scan
the testing pulse over the pilot pulse varying the time delay
between them (Fig. 9). Both pulses are sent on the same
line. The pilot pulse has much lower amplitude, but it con-
tains no sustain part. When two pulses arrive to the bridge
at the same time we observe enhancement of the switch-
ing probability and verify the actual duration and shape
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FIG. 8. The oscilloscope trace of the nominally 10-ns-long
testing pulse used in the experiment presented in the main text.
The testing time is approximately 6 ns. It is followed by the long
sustain part (approximately 5 μs) necessary for the readout of the
switching event (Fig. 3 in Ref. [16]).

of the testing pulse. The obtained image confirms that the
pulse reaching the bridge arrives unperturbed preserving
its nominal leading and trailing edges. What we observe
is a convoluted image of the pulse since the testing pulse
cannot be made infinitely short. A similar image of the test-
ing pulse is presented in Fig. 3 for delays around zero. In
that case, a small fraction of the heating pulse (< 0.5%)
travels to the bridge playing the role of the pilot pulse and
modifies the switching probability. This modification can
be positive or negative, depending on the polarity of the
heating pulse. The pilot pulse response does not exhibit
any unexpected features, which could potentially resem-
ble the diffusive profile observed in the main experiment,
i.e., there is no enhancement of the measuring probabil-
ity for times where two pulses do not overlap. It gives yet
another strong support to our interpretation of the experi-
ment ruling out electromagnetic environment effects on the
measured diffusive profiles.

APPENDIX B: NOISE ANALYSIS OF THE
ELECTROMAGNETIC ENVIRONMENT

The equivalent circuit with the environmental sources of
Johnson-Nyquist noise is presented in Fig. 10. It contains
two bias resistors: RBT on the line probing the switching
probability of the bridge and RBH on the heating line. In
addition there is a resistor Rheater describing the heater.
Each of resistors has its own effective temperature and is a
source of the Johnson-Nyquist noise. There are three such
sources depicted in Fig. 10: iNH, iNBH, iNBT. The current
noise produced by iNH and iNBH sources is not visible on
the bridge as it is shorted to ground. It is true for any
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FIG. 9. (a) The “on-chip image” of the testing pulse. The inset
presents the enlarged signal. (b) The testing pulse (blue pulse)
is delayed with respect to the pilot pulse (red pulse). When two
pulses overlap the enhancement in the switching probability is
observed (state 2). The pilot pulse has the same definition as the
testing pulse (without the sustain part) but much smaller ampli-
tude. The shape of the probing pulse is presented in Fig. 8. The
pilot pulse does not influence the measured signal outside the
temporal window, where the two pulses do not overlap.

effective temperature of resistors RBH and Rheater? Elec-
tromagnetic noise produced by resistors RBH and Rheater
cannot influence the switching of the bridge. The bridge
is only sensitive to the effective temperature of the resistor
RBT. This temperature does not change during probing the
relaxation and as such, cannot be responsible for chang-
ing the probability. It leads us to the conclusion that the
only possible source of probability changes on the bridge is

RBT = 150 

Rheater = 4 

VH

VT

iNH

RBH = 150 iNBH

iNBT

FIG. 10. The equivalent current noise circuit of the full exper-
imental setup. The noise from iNH and iNBH sources is shorted to
ground and cannot affect switching probability of the bridge.

local temperature (local distribution of the quasiparticles).
The actual electrical circuit probing the bridge is presented
within the Supplemental Material [30].

APPENDIX C: CAN PHONON EMISSION
CHANNEL BE RESPONSIBLE FOR THE

OBSERVED SIGNAL?

At low temperatures electrons and phonon systems are
decoupled thermally from each other and generally we talk
about two temperatures: electron temperature and lattice
temperature. Our bridge measures electron temperature
and is not sensitive to phonon temperature. Once electrons
are heated above the lattice temperature they start to give
up energy to phonons. This energy relaxation channel is
often referred to as electron-phonon coupling. At ultralow
temperatures (< 1 mK) it can take hours for both sys-
tems to equilibrate. For our moderately low temperatures
(approximately 400 mK) the process of equilibration takes
roughly 1–10 μs [2,16]. This time can be inferred from the
relaxation tails of the diffusive profiles presented in Fig.
4, when the temperature profile along wire is already flat
(meaning that temperature gradients in the wire are small)
and the electron temperature relaxation proceeds through
the electron-phonon channel predominantly. In the Supple-
mental Material [30] we present also the difference in the
measured profiles if electron-phonon relaxation channel
did not exist. One may easily see that the result is almost
unaltered at 400 mK. Diffusing electrons reach the bridge
after approximately 40 ns. This time is much too short for
electron-phonon coupling to act: electrons reach the bridge
before they get a chance to sink their excess energy to
phonons. For larger time delays phonons get some energy
from electrons, which in turn they sink in the substrate
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(here one talks about thermal Kapitza resistance between
the sample and substrate). It is usually assumed for steady-
state measurements that this interaction allows phonons in
the sample to remain well thermalized at bath temperature
[49,50]. We use very short heating pulse so that the amount
of deposited energy is much smaller than during steady-
state investigations and should not lead to overheating
of the phonons. Even if phonons are slightly overheated
the energy flux from electrons to phonons hardly changes
owing to strong power-law dependence [30].

To consider substrate phonons as being responsible for
the measured diffusive profiles we need to assume the
following processes: electron-phonon coupling in the sam-
ple, phonon-phonon coupling across the sample-substrate
interface, propagation of phonons in the substrate, phonon-
phonon coupling across substrate-sample interface, heat-
ing electrons with sample phonons. Moreover, propagation
of phonons in the substrate needs to be ballistic because
our signal propagates with speed of the running acoustic
wave (V ≈ 60 μm/40 ns = 1500 m/s; 60 μm is the on-
chip distance between heater and the bridge, 40 ns is the
delay between heating time and the onset of the signal
on the bridge). Additionally, we need to assume surface
phonon. Such a ballistic surface phonon needs to excite the
phonon in the sample in the locus of the bridge or excite the
electron in the nanowire directly. Only electrons with an
excess energy can be detected with our thermometer. We
think such a process has very low probability and can carry
negligible amount of energy. We conclude that substrate
phonons cannot be responsible for the measured signal.
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