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Reaching the ultimate energy resolution of a
quantum detector
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Bayan Karimi1*, Fredrik Brange2, Peter Samuelsson2 & Jukka P. Pekola1*

Quantum calorimetry, the thermal measurement of quanta, is a method of choice for ultrasensitive radiation detection ranging from microwaves to gamma rays. The fundamental
temperature ﬂuctuations of the calorimeter, dictated by the coupling of it to the heat bath, set
the ultimate lower bound of its energy resolution. Here we reach this limit of fundamental
equilibrium ﬂuctuations of temperature in a nanoscale electron calorimeter, exchanging
energy with the phonon bath at very low temperatures. The approach allows noninvasive
measurement of energy transport in superconducting quantum circuits in the microwave
regime with high efﬁciency, opening the way, for instance, to observe quantum jumps,
detecting their energy to tackle central questions in quantum thermodynamics.
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A

lmost a century ago, Johnson and Nyquist1,2 presented
evidence of ﬂuctuating electrical current and the governing ﬂuctuation dissipation theorem (FDT). Whether,
likewise, temperature T can ﬂuctuate is a controversial topic and has
led to scientiﬁc debates for several decades3–7. Consider a system
with coupling to a heat bath at temperature T for which the classical
eq
eq
FDT of ﬂuctuations SQ_ of heat current Q_ holds in form SQ_ ¼
2kB T 2 Gth in equilibrium. Here, Gth is the heat conductance to the
e
bath. We can write the energy balance equation Q_ ¼ CdT=dt
for the
e
temperature of the system TðtÞ ¼ T þ δTðtÞ at time t, where C
denotes the heat capacity. The heat current is composed of its
expectation value Gth δT and ﬂuctuations δQ_ around it. There are
two origins of noise in this heat current: (1) the standard randomness of transport known for particle current noise (time randomness), and (2) random energies exchanged, leading to enhancement
of ﬂuctuations on top of those known for particle current only. We
obtain the noise spectrum of
R temperature of the system by Fourier
transformation as ST ðωÞ ¼ dteiωt hδTðtÞδTð0Þi. This yields under
steady state conditions
ST ðωÞ ¼

2kB T 2
1
:
Gth 1 þ ω2 C2 =G2th

ð1Þ

At low frequencies we have
ST ð0Þ ¼ 2kB T 2 =Gth ;

ð2Þ

and the spectrum has Lorentzian cutoff at ωc ¼ Gth =C. These
results hold also for a system coupled to several equilibrium
baths, if one takes Gth to represent the sum of all the
individual thermal conductances to these baths. For the rootmean-square (rms)
obtain the well-known
R 1 ﬂuctuations we
2
result3 hδT 2 i ¼ 1 dω
2π ST ðωÞ ¼ kB T =C.
Here, we measure the time-dependent temperature of the
absorber of a nano-calorimeter at low mK temperatures both
under equilibrium and nonequilibrium conditions. We observe
that the equilibrium ﬂuctuations follow the ﬂuctuation dissipation
theorem (FDT) for temperature. Ideally, the noise of this calorimeter permits measurements of microwave photons in GHz
regime at the lowest temperatures that we achieve. This method is
then a way to observe calorimetrically, e.g., the quantum trajectories with superconducting circuits8–10.

a

Results
The calorimeter. In a fermionic system, like the electrons
(about 108 of them) in the nano-calorimeter in the present
experiment, temperature is coded in the Fermi distribution
1
f ðϵÞ ¼ ½eðϵμÞ=kB T þ 1 , which directly determines the readout
signal of our thermometer. Here, ϵ and μ denote the single
particle energy and chemical potential of the system, respectively. We illustrate the calorimeter11–15 principle of our
experiment and set-up in Fig. 116. The electron system (absorber), is coupled to the phonon heat bath at constant temperature
T via electron–phonon collisions, which lead to stochastic
exchange of heat, as indicated by the many vertical arrows
between the two in Fig. 1a. This forms the bottleneck of heat
transport in a nano-calorimeter, in contrast to macroscopic
calorimeters. The red arrows from the left depict the electronic
injection of heat under nonequilibrium conditions, ﬂuctuating
due to the stochastic nature of tunneling. By attaching a fast
thermometer to the absorber, one records its time t dependent
temperature ﬂuctuations δTðtÞ as shown by a measured time
trace. The actual sample (scanning electron micrograph in
Fig. 1b) is realized as a ‘ ¼ 1 µm long copper normal-metal
absorber (brown) connected to three superconducting leads
(blue). The right one is a tunnel contact of the thermometer and
the other tunnel junction on the left the hot electron injector.
The third one pointing down and 50 nm away from the thermometer, is a direct clean metal-to-metal contact grounded at
the sample stage. It provides a ﬁxed chemical potential for the
absorber and induces proximity superconductivity to the thermometer facilitating its proper operation. The measuring set-up
for the thermometer junction shown on the right side of Fig. 1b
consists of a parallel on-chip LC resonator, coupled to input V 1
and output V 2 RF (radio frequency) lines, operating at frequency f 0 ¼ 620 MHz, which also admits DC biasing at voltage
V th . The measured signal S21 obtained from the ratio of V 2 =V 1
yields the conductance of the thermometer junction. It is measured at a ﬁnite sampling rate in order to acquire statistics of
temporal temperature of the absorber.
Principles of the experiment. In order to calibrate the thermometer we measure S21 averaged over typically 1 s time interval at
different bath temperatures of the cryostat, traceable to primary
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Fig. 1 The set-up for measuring temperature ﬂuctuations. a The calorimeter principle applied to the electronic system in this work. The normal-metal
absorber in the center is subjected to the ﬂuctuating heat current from the phonon bath below. Additionally we have an option to create nonequilibrium by
injecting “hot” electrons as indicated by red arrows on the left. A key element in the calorimeter is a thermometer with sufﬁcient bandwidth to provide
temporal temperature traces, of which an example is shown above the absorber. b The measurement set-up including the colored scanning electron
micrograph of the sample in the center. The ‘ ¼ 1 µm long Cu absorber (brown) coupled to two superconducting Al leads (blue) via tunnel barriers
(bronze). The clean metal-to-metal contact to another superconducting Al lead pointing down at an inclined angle provides the proximity effect for the
thermometer and a ﬁxed chemical potential for the absorber. The circuit on the sample stage at low temperature (LT) within the dashed area presents the
RF readout of the thermometer junction with tunnel resistance 18 kΩ composed of an LC resonator and probed by RF transmission measurement between
ports V 1 and V 2 . The rest of the set-up at room temperature (RT) is for DC biasing of both the injector ðVÞ and thermometer ðV th Þ.
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correspond to the averaged bare noise, where the best guess of
the background has been subtracted. The shaded area in Fig. 3a
depicts the uncertainty in determining NET precisely due to this
subtraction. Overall, we observe ﬁrst increase of NET upon
lowering T and then gradual turn down of it at the lowest
temperatures. The dominant contributions to Gth arise from

a

–30

<S21> (dB)

Coulomb blockade thermometry CBT. An example of dependence
of thus obtained averaged hS21 i on V th is shown on a wide bias
range in Fig. 2a. The drop of hS21 i at about ±200 µV is due to the
superconducting gap Δ in aluminum. The main feature, the zero
bias anomaly (ZBA) at V th ¼ 0, which is indicated by the central
red arrow, presents the basis of our thermometer. This dip originates from proximity induced supercurrent due to the presence of
clean contact. Now it is placed 50 nm away from the tunnel junction, which is to be contrasted to 500 nm in our earlier work17; this
way the sensitivity of the thermometer is enhanced substantially.
Quantitatively, the temperature dependence of the average transmission hS21 i at this dip is depicted in Fig. 2b. It manifests
approximately linear dependence at sub 200 mK temperatures,
emphasized by the zoom in the inset of this ﬁgure. Owing to the
competing quasiparticle tunneling, there is eventually back-bending
of the characteristics at temperatures above 300 mK; this leads to
loss of sensitivity in the cross-over temperature range. Depending on
the range of interest, we employ either linear or nonlinear calibration to convert hS21 i to temperature. This calibration needs to be
done only once for each cooldown.
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Fig. 2 The transmission measurement of the RF thermometer at 120
dBm input power. a Wide bias range transmission hS21 i averaged over 100
repetitions at each bias point V th at bath temperature T  100 mK. The
two red arrows indicate the working points for actual ZBA thermometry at
V th ¼ 0 and background measurement at V th ¼ 85 µV, respectively. b The
thermometer calibration against the bath temperature T in equilibrium. The
inset shows the low-temperature end together with the linear ﬁt used for
the temperature ﬂuctuation measurements.
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Equilibrium ﬂuctuations. Time domain measurements allow
detecting temporal ﬂuctuations of the quantity of interest. In our
case we monitor S21 ðtÞ, yielding the instantaneous temperature
of the absorber at 10 kHz sampling rate over a chosen time
interval. We collect data under given conditions typically for up
to 1 hour. As a result we obtain the total ﬂuctuations (variance)
hδS221;tot i in a bandwidth of Δf  10 kHz. This signal is composed of the ampliﬁer and other instrumental noise hδS221;bg i
(“bg” stands for background), in addition to the noise of interest
from the actual sample, hδS221 i = hδS221;tot i − hδS221;bg i. Here, we
assume uncorrelated noise from the different sources. The way
we determine the hδS221;bg i is explained in the Methods section.
Our quantitative results depend critically on the precision of
determining this background noise. Taking the linear calibration
as in the inset of Fig. 2b, with the responsivity R  jdhS21 i=dTj,
we have for the temperature noise of the absorber
hδT 2 i = R2 hδS221 i. We exhibit in Fig. 3 the central quantity in
pﬃﬃﬃﬃﬃ
theﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
experiment, low-frequency temperature ﬂuctuations ST ¼
p
hδT 2 i=2Δf as a function of bath temperature
in equilibrium.
pﬃﬃﬃﬃﬃ
From now on we denote NET  ST , which is the noiseequivalent temperature. The data symbols in both panels
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Fig. 3 Temperature ﬂuctuations in equilibrium. a Measured low-frequency ﬂuctuations NET ¼ ST at different bath temperatures. The symbols are the
measured data (both in a and b) with the mean instrumental background noise subtracted as described in the Methods section. The shaded area covers
the uncertainty in this subtraction process. The inset shows schematically the thermal model including the absorber with ﬁnite heat capacity C coupled to
the heat bath at temperature T via thermal conductance Gth . b Comparison of the data to the predicted noise-equivalent temperature NET, now on a
logarithmic scale, in the absence (α ¼ 0, dashed lines) and presence (α ¼ 104 , solid lines) of photon contribution assuming a normal-metal absorber. The
error bars on the experimental
points
are based on the same uncertainty as in a. Red
lines show the fundamental noise-equivalent temperature in
ﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
equilibrium NETeq ¼ 2kB T 2 =Gth , and blue and green lines demonstrate NET ¼ δϵ= CGth , which is the required NET of the detector to observe a photon
with energies δϵ ¼ 1K ´ kB and δϵ ¼ 10K ´ kB , respectively. Then NET=NETeq gives the expected signal to noise ratio of the experiment.
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electron–phonon coupling at higher temperatures and radiative
heat transfer by thermal photons18 towards low T as
Gth ¼ 5ΣVT 4 þ αgT:

a

ð3Þ

volume of
Here, Σ, V are electron–phonon coupling
the absorber, respectively. For the photonic contribution18, GQ ¼
gT is the quantum of thermal conductance with g ¼ πk2B =6_. We
assume the coupling coefﬁcient α to have values  1 according to
earlier investigations20. Equation (2) predicts then
rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2kB 1
NET ¼
T ðhigh TÞ
5ΣV
sﬃﬃﬃﬃﬃﬃﬃ
ð4Þ
2kB 1=2
T ðlow TÞ;
NET ¼
αg

250

200

constant19 and

T (mK)

150

100

50

0

Nonequilibrium ﬂuctuations. Let us ﬁnally consider the nonequilibrium ﬂuctuations23–26. In the measurements presented up
to now the injector junction with tunnel resistance RT ¼ 20 kΩ
on the left in Fig. 1b has been unbiased in order to ensure
equilibrium. By applying a voltage V to it, the system can be
driven into nonequilibrium. The well-known inﬂuence of such
biasing of a superconductor-normal-metal junction is that it
serves as a local refrigerator of the normal-metal absorber thanks
to the energy gap of the superconductor, i.e., it acts as an evaporative cooler27. This effect is manifested in the bias dependence
of the average temperature of the absorber, obtained from the
values of hS21 i in Fig. 4a.
Injecting electrons does not only change the average temperature of the absorber but, due to the stochastic nature of tunneling,
it leads to noise of heat current as well28,29. Quantitatively this
4

b

120

100

NET (μK/√Hz)

with cross-over between the two regimes with maximum NET
αg 1=3
Þ . Using the literature value21
at the temperature T co ¼ ð10ΣV
5 3
9
Σ ¼ 2 ´ 10 WK m , the measured volume V ¼ 1:0 ´
1021 m3 and an educated guess α  104 , we obtain a predicted
NET versus T.pOur
ﬃﬃﬃﬃﬃﬃ simple model above predicts a maximum
NET  60 μK= Hz at  20 mK. This NET is within the error bars
of the measured signal in Fig. 3a, b at low temperatures. Figure 3b
makes a quantitative comparison of the measured sub 50 mK
equilibrium noise against the presented
model.
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ The solid and
dashed red lines indicate NETeq ¼ 2kB T 2 =Gth with and without
the photon contribution using the parameters given above,
respectively. The shaded area exhibits the impermissible range due
to the fundamental temperature noise in equilibrium. We reach this
bound at temperatures well below 30 mK. The rest of the lines in
this ﬁgure will be discussed later.
The analysis above could be improved, provided the parameters of the system were known precisely. Till now we assumed
the absorber to be in the normal state. However, the clean
absorber-superconductor contact leads to a proximity induced
superconductivity in the absorber. This suppresses the density
of states around the Fermi level, on the scale of the Thouless
energy ETh ¼ _D=‘2  10 µeV, resulting in a decreased electron–
phonon coupling. Here, D  0:01m2 =s is the diffusion constant
of the Cu ﬁlm. As a consequence, for electron temperatures below
ETh =kB  100 mK, the thermal conductance Gth is decreased22
and, hence, the temperature noise NET
pﬃﬃﬃﬃﬃﬃ is increased. The
experimentally observed NET  80 μK= Hz at low T can then
be obtained using D ¼ 0:01 m2 =s and α ¼ 103 . One should also
note that the ﬂuctuations δT of temperature become nonnegligible
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ as compared to T based on the estimate δT=T ’
kB =C ≳ 0:1 at T ¼ 10 mK for our absorber.

80
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40

0

50

100
V (μV)

150
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Fig. 4 Temperature and its ﬂuctuations under nonequilibrium conditions.
a Average temperature of the absorber when the injecting junction is
biased at different voltages V. The data sets correspond to bath
temperatures 12, 27, 35, 43, 52, 67, 83, 100, 117, 135, 166, 198, and 233 mK
from bottom to top. b Nonequilibrium temperature ﬂuctuations at
temperatures 12, 27, 35, 52, 67, 100, 117, 166 mK with the same colors as in
a as a function of injector bias.

noise at low frequencies is given by
Z
1
dEðE  eVÞ2 nS ðEÞ
Sin
_Q ¼ 2
e RT
´ ff N ðE  eVÞ½1  f S ðEÞ þ f S ðEÞ½1  f N ðE  eVÞg;
ð5Þ
where f N ; f S are the energy distribution functions for the normalmetalpﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
and superconductor
electrons, respectively, and nS ðEÞ ¼
ﬃ
jEj= E2  Δ2 θðjEj  ΔÞ denotes the density of states for the
superconductor, with θðxÞ being the Heaviside step function. For
typical voltages and temperatures in the regime
qﬃﬃﬃﬃﬃﬃ well below the
is exponentially
superconducting gap, the injection noise
Sin
Q_
16. In contrast, the equilibrium noise due to phonons,
suppressed
q
ﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃ
eq
SQ_ , is of a roughly constant magnitude  1020 W= Hz.

Therefore, it is not surprising that the temperature noise in Fig. 4b
does not change much at sub-gap voltages V < 200 µV, in particular
as the temperature of the absorber is not changing dramatically in
this bias range. For these uncorrelated sources the temperature noise
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Discussion
The temperature that ﬂuctuates is given by the energy distribution of the electrons in the absorber. It qualiﬁes as temperature
for the following reasons. (i) Number of particles is large, about
108 . (ii) Owing to fast electron–electron internal relaxation over a
time scale of  109 s30, the carriers form a local Fermi–Dirac
distribution: all other relaxation times, most notably the
electron–phonon time ( 105 s) are much slower31. Furthermore, the temperature of the absorber is spatially uniform, since
the heat diffusion time of electrons in the absorber,
τ diff = γρ‘2 =L0  1010 s is very short. Here, c ¼ γT is the
speciﬁc heat due to conductance electrons with
γ  102 Jm3 K2 , ρ  108 Ωm is the resistivity of the Cu, and
L0 ¼ 2:44 ´ 108 WΩK2 is the Lorenz number.
A central question is the projected energy resolution of the
presented calorimeter. The objective is to use it for observing
quanta in the microwave regime. Unlike some of the previously
published works on THz calorimetry32,33, here we aim into the
GHz regime common in circuit QED (quantum electrodynamics)
experiments. Here, we demonstrated that its resolution is as good
as nature can allow, limited only by thermal ﬂuctuations and
illustrated by the red lines in Fig. 3b. Indeed, as we present by the
blue lines in the ﬁgure, the necessary NET of the detector to
observe microwave photons, e.g., those emitted by a standard
superconducting qubit with 0:5  1 K ´ kB energy is well above
the fundamental ﬂuctuations at sub 30 mK temperatures.
Methods
Background measurements. We measure the instrumental noise dominated by
that of the low-temperature Caltech CITLF2 cryogenic SiGe low-noise ampliﬁer
hδS221;bg i by carefully off-tuning the interesting ﬂuctuations from the sample itself.
This is achieved by simultaneously (i) biasing the thermometer junction away from
the ZBA regime (V th ’ 85 µV), and (ii) measuring at either below or above the
resonance at frequency f 0 . An example of the corresponding parametric backqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ground noise measurement, in form hδS221;bg i versus hS21 i is presented in Fig. 5.
We see a typical increase of noise when the attenuation increases towards left. This
dependence can be understood quantitatively by assuming constant voltage noise
independent of hS21 i. The measured transmission can be written as
vÞ;
S21 ¼ 20 lgðv=e

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where v is the output of the last stage ampliﬁer, e
v ¼ 50 ´ 1 mW ’ 224 mV.
Noise of v translates then into variations of S21 in linear regime as

ð6Þ

20 δv
ð7Þ
;
ln10 v
and can be written with the help of Eq. (6) for the rms values as
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
hδv2 i hS21 i=20
20
ð8Þ
hδS221;bg i ¼
:
10
ln10 e
v
Based on the ﬁt parameter a in Fig. 5a and the total gain of 60 dB of the ampliﬁer
chain, we ﬁnd the input voltage noise to be  12 nV corresponding to the noise
temperature of the ampliﬁer of T n  5 K, which is in line with its speciﬁcations by
the manufacturer.
Figure 5b presents background measurements at frequencies both below and
above the resonance over a wide range of attenuation hS21 i. We observe two features
that we need to consider when making an accurate evaluation of the hδS221;bg i. First,
at large attenuations, due to the fact that the changes are not fully linear in the sense
of Eq. (7), the exponential dependence of Eq. (8) is not obeyed strictly. Therefore,
we resort to polynomial ﬁts in two regimes, to capture the dependence over the full
δS21 ¼

a
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eq

is predicted to obey ST ¼ ðSQ_ þ Sin
Þ=Gth . The sudden decrease of
Q_
temperature noise NET at V > 200 µV is natural since Gth increases
rapidly when the absorber heats up in this regime (see Fig. 4a). The
sharp peak at the gap (Fig. 4b) is possibly an artifact arising from
unavoidable voltage noise of the injector, which directly transforms to
temperature noise due to the strong voltage dependence of
temperature at this point. Yet we ﬁnd close resemblance of our
measured bias-dependent noise and the theoretical predictions by
Laakso et al.26 calculated for a SINIS (superconductor-insulatornormal metal-insulator-superconductor) device.
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Fig. 5 Background noise measurements. All the data are taken outside the
zero bias regime of the thermometer and at nonresonant frequencies to
exclude the actual noise from the sample. The inset of a shows an example of
hS21 i measured around the resonance frequency indicated by the central
upward
arrow. The blue dots in the main frame of a depict parametric plot
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
hδS221;bg i versus hS21 i at the bias voltages V th ¼ 85 µV and at frequencies
below the resonance down to 614 MHz indicated by a downward arrow. The
red solid line shows the predicted dependence of Eq. (8) yielding the noise
temperature of the ampliﬁer of T n ¼ 4:9 K as the only ﬁt parameter of the
curve (constant noise voltage at the input). b The full range measurement of
the background as in a but now both above and below the resonance with red
and blue dots, respectively. The polynomial ﬁts for the two backgrounds
separately (black dashed lines) and the average of them (green solid line) are
shown, and they deﬁne the mean and the shaded area in Fig. 3. The inset of
b is simply the zoom-out of the high attenuation range of the main frame.
range. Second, there is a weak dependence of the ampliﬁer noise on frequency; thus
the data taken below and above the resonance differ from each other slightly. What
we do then, e.g., in Fig. 3, is that we take the mean between the two background
measurements as the reference and indicate by the shaded area the uncertainty
incurred due to the difference between the two extremes. We thus assume that the
frequency dependence of the noise is more or less smooth in the narrow range of
 10 MHz around f 0 , and interpolate the data accordingly.

Experimental details. The sample (Fig. 1b) was fabricated on standard oxidized Si
substrate using Ge process for achieving robust deposition mask34,35. The electronbeam lithography was used to pattern the structure for three-angle shadow evaporation of metals. First we deposit 20 nm of Al making the leads followed by oxidation in
pure O2 (1 min at 1 mbar). Next another Al layer of 20 nm thickness again provides
the clean superconducting contact at the distance of 50 nm from the thermometer
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junction, and ﬁnally we deposit 35 nm Cu to form the absorber. In the main text we
give an estimate of the volume of the absorber based on this thickness; the effective
thickness may be somewhat smaller due to the partial oxidation of the ﬁlm. The
resonator is a spiral on a separate chip made of 100 nm thick Al by simple one angle
evaporation. The heart of the measuring set-up is shown in Fig. 1b with inductance
L ¼ 100 nH, C 1 ¼ 10:3 fF and C 2 ¼ 59:3 fF as coupling capacitors, and C ¼ 0:2 pF.
The rest of the RF circuitry follows closely to what is presented in ref. 31. All measurements were performed in a carefully shielded and ﬁltered set-up described in
ref. 36.

Data availability
The data and the numerical code that support the plots within this article are available
from the corresponding author upon reasonable request.

Received: 9 September 2019; Accepted: 16 December 2019;

References
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.
11.
12.

13.
14.

15.
16.

17.

18.
19.
20.
21.

22.
23.

24.
25.

6

Johnson, J. B. Thermal agitation of electricity in conductors. Phys. Rev. 32,
97–109 (1928).
Nyquist, H. Thermal agitation of electric charge in conductors. Phys. Rev. 32,
110–113 (1928).
Lifshitz, E. M. & Pitaevskii, L. P. Statistical physics, Part I (Pergamon, Oxford,
1980).
Kittel, C. Temperature ﬂuctuation: an oxymoron. Phys. Today 41, 93 (1988).
Mandelbrot, B. B. Temperature ﬂuctuation: a well-deﬁned and unavoidable
notion. Phys. Today 42, 71–73 (1989).
Chui, T. C. P., Swanson, D. R., Adriaans, M. J., Nissen, J. A. & Lipa, J. A.
Temperature ﬂuctuations in the canonical ensemble. Phys. Rev. Lett. 69,
3005–3008 (1992).
Day, P. et al. The ﬂuctuation-imposed limit for temperature measurement. J.
Low Temp. Phys. 107, 359–370 (1997).
Vijay, R., Slichter, D. H. & Siddiqi, I. Observation of quantum jumps in a
superconducting artiﬁcial atom. Phys. Rev. Lett. 106, 110502 (2011).
Minev, Z. K. et al. To catch and reverse a quantum jump mid-ﬂight. Nature
https://doi.org/10.1038/s41586-019-1287-z (2019).
Pekola, J. P., Solinas, P., Shnirman, A. & Averin, D. V. Calorimetric
measurement of work in a quantum system. New J. Phys. 15, 115006 (2013).
Stahle, C. K., McCammon, D. & Irwin, K. D. Quantum calorimetry. Phys.
Today 52(8), 32 (1999).
Govenius, J., Lake, R. E., Tan, K. Y. & Möttönen, M. Detection of Zeptojoule
microwave pulses using electrothermal feedback in proximity-induced
josephson junctions. Phys. Rev. Lett. 117, 030802 (2016).
Kokkoniemi, R. et al. Nanobolometer with ultralow noise equivalent power.
Comm. Phys. 2, 124 (2019).
Kuzmin, L. S. et al. Photon-noise-limited cold-electron bolometer based on
strong electron self-cooling for high-performance cosmology missions. Comm.
Phys. 2, 104 (2019).
van den Berg, T. L., Brange, F. & Samuelsson, P. Energy and temperature
ﬂuctuations in the single electron box. New J. Phys. 17, 075012 (2015).
Brange, F., Samuelsson, P., Karimi, B. & Pekola, J. P. Nanoscale quantum
calorimetry with electronic temperature ﬂuctuations. Phys. Rev. B 98, 205414
(2018).
Karimi, B. & Pekola, J. P. Noninvasive thermometer based on the zero-bias
anomaly of a superconducting junction for ultrasensitive calorimetry. Phys.
Rev. Appl 10, 054048 (2018).
Schmidt, D. R., Schoelkopf, R. J. & Cleland, A. N. Photon-mediated thermal
relaxation of electrons in nanostructures. Phys. Rev. Lett. 93, 045901 (2004).
Wellstood, F. C., Urbina, C. & Clarke, J. Hot-electron effects in metals. Phys.
Rev. B 49, 5942–5955 (1994).
Timofeev, A. V., Helle, M., Meschke, M., Möttönen, M. & Pekola, J. P. Electronic
refrigeration at the quantum limit. Phys. Rev. Lett. 102, 200801 (2009).
Wang, L. B., Saira, O. -P., Golubev, D. S. & Pekola, J. P. Crossover between
electron-phonon and boundary-resistance limits to thermal relaxation in
copper ﬁlms. Phys. Rev. Appl. 12, 024051 (2019).
Heikkilä, T. T. & Giazotto, F. Phase sensitive electron-phonon coupling in a
superconducting proximity structure. Phys. Rev. B 79, 094514 (2009).
Averin, D. V. & Pekola, J. P. Violation of the ﬂuctuation-dissipation theorem
in time-dependent mesoscopic heat transport. Phys. Rev. Lett. 104, 220601
(2010).
Heikkilä, T. T. & Nazarov, Y. V. Statistics of temperature ﬂuctuations in an
electron system out of equilibrium. Phys. Rev. Lett. 102, 130605 (2009).
Ciliberto, S., Imparato, A., Naert, A. & Tanase, M. Heat ﬂux and entropy
produced by thermal ﬂuctuations. Phys. Rev. Lett. 110, 180601 (2013).

26. Laakso, M. A., Heikkilä, T. T. & Nazarov, Y. V. Theory of temperature
ﬂuctuation statistics in superconductor-normal metal tunnel structures. Phys.
Rev B 85, 184521 (2012).
27. Nahum, M., Eiles, T. M. & Martinis, J. M. Electronic microrefrigerator based
on a normal-insulator-superconductor tunnel junction. Appl. Phys. Lett. 65,
3123 (1994).
28. Golubev, D. & Kuzmin, L. Nonequilibrium theory of a hot-electron bolometer
with normal metal-insulator-superconductor tunnel junction. J. Appl. Phys.
6464, 6464 (2001).
29. Zhan, F., Denisov, S. & Hänggi, P. Power spectrum of electronic heat current
ﬂuctuations. Phys. Status Solidi B 250, 23552364 (2013).
30. Pothier, H., Gueron, S., Birge, N. O., Esteve, D. & Devoret, M. H. Energy
distribution function of quasiparticles in mesoscopic wires. Phys. Rev. Lett. 79,
3490–3493 (1997).
31. Viisanen, K. L. & Pekola, J. P. Anomalous electronic heat capacity of copper
nanowires at sub-Kelvin temperatures. Phys. Rev. B 97, 115422 (2018).
32. Nahum, M. & Martinis, J. M. Ultrasensitive-hot-electron microbolometer.
Appl. Phys. Lett. 63, 3075 (1993).
33. Wei, J. et al. Ultrasensitive hot-electron nanobolometers for terahertz
astrophysics. Nature Nanotechnology 3, 496 (2008).
34. Meschke, M., Kemppinen, A. & Pekola, J. P. Accurate Coulomb blockade
thermometry up to 60 kelvin. Phil. Trans. R. Soc. A 374, 20150052 (2015).
35. Pashkin, Y., Nakamura, Y. & Tsai, J. -S. Implementation of single-electron
transistor with resistive gate. Jpn. J. Appl. Phys. 38, 406–409 (1999).
36. Saira, O. -P. Electrostatic Control of Quasiparticle Transport in Superconducting
Hybrid Nanostructures. PhD thesis, Aalto Univ., pp. 41–44 (2013).

Acknowledgements
We acknowledge J. T. Peltonen, E. T. Mannila, O.-P. Saira and S. Gasparinetti for
technical support, W. Belzig, D. Nikolic, I. Khaymovich, and T. Tuukkanen for discussions and tests of thermometry, and M. Campisi and K. Saito for useful discussions. This
work was funded through Academy of Finland grants 297240, 312057 and 303677 and
from the European Union’s Horizon 2020 research and innovation program under the
European Research Council (ERC) program and Marie Sklodowska-Curie actions (grant
agreements 742559 and 766025). F.B and P.S. were supported by the Swedish VR. We
acknowledge the facilities and technical support of Otaniemi research infrastructure for
Micro and Nanotechnologies (OtaNano).

Author contributions
The experiment was proposed by J.P. and its realization was conceived by all the authors.
B.K. performed the experiment, and designed and fabricated the samples. Data analysis
and modeling were performed by B.K. and J.P., with contributions on the noise analysis
by F.B. and P.S. The manuscript was written by B.K. and J.P.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467019-14247-2.
Correspondence and requests for materials should be addressed to B.K. or J.P.P.
Peer review information Nature Communications thanks Olivier Bourgeois, A.
Crepieux, and the other, anonymous, reviewer(s) for their contribution to the peer review
of this work. Peer reviewer reports are available.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a
credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2020

NATURE COMMUNICATIONS | (2020)11:367 | https://doi.org/10.1038/s41467-019-14247-2 | www.nature.com/naturecommunications

