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The statistics of electron transport in a quantum conductor is affected by fluctuations of its voltage bias.
Here, we show experimentally how a third order correlation in the electromagnetic field arises from the
noise of a tunnel junction in the microwave domain being modulated by the vacuum fluctuations generated
by a resistor at ultralow temperature. This provides a way to measure the vacuum fluctuations experienced
by the junction, not offset by the unavoidable noise added by the detection setup.
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Introduction—Vacuum fluctuations (VF), the fact that
the electromagnetic field always fluctuates, even in free
space at zero temperature, is a direct consequence of the
Heisenberg uncertainty principle, and as such a hallmark of
quantum physics. Two consequences are found in most
textbooks when solving the hydrogen atom: the energy
levels are shifted (Lamb shift), even the ground state, and
all excited states acquire a finite lifetime (spontaneous
emission) (for a review on VF, see [1]).

Mesoscopic circuits cooled to ultralow temperatures and
connected to microwave transmission lines bare many
similarities with the hydrogen atom in vacuum, to the
point that some simple circuits are nicknamed “artificial
atoms” [2]. Indeed, such circuits with a few degrees of
freedom are well described by Hamiltonians with a discrete
spectrum, and a semi-infinite transmission line (or in
practice, terminated by a matched load at low temperature)
is nothing but a unidimensional vacuum for electromag-
netic waves in the microwave domain [3]. The energy
levels of these circuits are shifted and have a finite lifetime,
a major difficulty for the development of solid state
quantum computers [2].

While superconducting circuits such as those used as
qubits can be considered similar to atoms, dissipative
circuits made of normal conductors, by involving the
electronic degrees of freedom, are much more complex,
with continuous spectra. Among them the tunnel junction,
made of two metallic contacts separated by a thin insulating
film through which electrons can tunnel, is among the
simplest. If purely voltage biased, it has a linear current-
voltage characteristic like a simple resistor. Connected to a
high impedance electromagnetic environment, it becomes
nonlinear, a phenomenon called dynamical Coulomb
blockade (DCB) [4,5], that in some sense is similar to
spontaneous emission [6].

A resistor placed at very low temperature generates
vacuum fluctuations into the coax cable connected to it.
These can be amplified, however, the amplifier itself adds
its own noise to that of the resistor (and even often
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dominates the total signal), and there is no way to separate
them. By replacing the resistor by a tunnel junction, which
noise can be tuned by a dc bias voltage, from VF at zero
bias to pure shot noise at high bias, the spectrum of VF
has been measured up to 10 GHz [7]. At much higher
frequencies, a Josephson junction has been used to down-
convert the high frequency (~100 GHz) VF of its shunt
resistor to low frequency noise (~100 kHz) [8].

Intrinsic to VF is the problem of their detection: one may
want to distinguish processes where the electromagnetic
field is detected by absorption or emission of energy. A
system in its ground state cannot absorb energy from
vacuum, while fluctuations may cause stimulated emission
if the detector is in an excited state [9]. Different detection
schemes correspond to different current-current correlators,
since the quantum current operators at different times do
not commute [10,11]. Here, we concentrate on detecting
the field, not the energy associated with it. This can be
performed by a detector driven out of equilibrium, which is
sensitive to VF. The corresponding current-current corre-
lator is the symmetrized one [12]. In optics it is commonly
achieved by homodyne detection, where the bias is pro-
vided by a strong, classical electromagnetic field (see,
e.g., [13]); in microwave by amplifiers using strongly dc
biased field effect transistors [14—16].

In this Letter we explore the effect of VF on the statistics
of the current fluctuations generated by a tunnel junction
beyond the average current and variance. The third moment
of voltage fluctuations is known to be strongly influenced
by the environment of the junction, both through its
impedance and noise temperature [17-19]. We show in
this Letter that it is sensitive to VF, which modulate the
noise of the junction.

Theory—How the statistics of current fluctuations in a
mesoscopic conductor translates into that of the detected
voltage has been shown to be nontrivial beyond the
variance [17,18]. In order to give a clear physical picture
of why, we start by omitting frequency dependence in the
expressions. We consider the schematics depicted in Fig. 1.
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FIG. 1. Principle of the detection scheme. Thanks to the
circulator, the sample experiences the fluctuations generated
by the load Z, (green arrows), which it partially reflects. These
induce voltage fluctuations wv,(f) across the sample, which
modulate its noise. The detected voltage v(f) contains the noise
generated by the sample at frequencies f (red) and 2f (blue) as
well as the reflected environmental fluctuations at both frequen-
cies (green).

ook

A fluctuating current i (¢) generated by the sample leads
to a detected voltage v(r) = Zy(1 +I)is(r) with Z, the
characteristic impedance of the transmission line between
the sample and the amplifier matched to it (here Z;, =
50 Q),andT" = (R, — Zy)/ (R, + Z,) the voltage reflection
coefficient of a wave impinging onto the sample of
resistance R,.

The electromagnetic environment of the sample, mod-
eled by a noise source of impedance Z, generating current
fluctuations i.,, (¢) also contributes to the detected voltage
by being partially reflected by the sample, i.e., as %ZOFiem,.
As a result the third moment of the detected voltage
contains, in average over time, two terms:

r
1+T

(v%) = k| (i) +3 (i3 env) (1)

with k = (Z3/8)[1 + I']°. The first term, (i) contains
the intrinsic third moment of current fluctuations and the
self-modulation of the noise, also called feedback term,
explained below. The second term corresponds to the
modulation of the sample current fluctuations by the
time-dependent voltage v¢(7) across the sample coming
from the noisy environment. It is given by y(vsicny)s
as obtained by cascaded averaging [18,20]. Here, y ~
d(i2)/dV, is the noise susceptibility, which measures
how much a small voltage variation modifies the variance
of current fluctuations [21,22]. V| is the dc voltage bias
on the junction and (vgieny) =% (1 +T)Zo(i2y). This
mechanism is at the heart of our detection scheme: i,
modulates the noise generated by the sample, their
correlations leading to a third moment. In that sense, the
sample acts as an on-chip voltage-to-noise transducer. The
feedback term mentioned above corresponds to the same
mechanism, replacing i, by i, While (i?) and y may have
complex frequency dependence in the quantum regime at

low voltage [21-27], they are simple in the classical limit of
pure shot noise, when eV, > hf, kzT with T the sample
temperature. In this limit the electrons follow a Poisson
statistics with current fluctuations having spectral densities
given by e|l,| for the variance [28] and eI, for the third
moment, both frequency independent. I, = V /R, is the
average, dc bias current in the junction. The noise suscep-
tibility is simply y = d(e|l|)/dV, = sign(ls)e/R,. Our
experiment corresponds to the situation where the sample
is classical but the electromagnetic environment is in the
vacuum state.

We now introduce the frequency dependence. The
spectral density of the third moment of the detected voltage
fluctuations involves three frequencies, (v(f)v(f2)v(f3))-
Time-averaging imposes f1 + f, + f3 = 0. In the follow-
ing we will consider the special case where only two
frequencies are involved in the detection, f; = f, = f,
f3 = —2f, which simplifies the experiment. Restoring the
frequency dependence of the quantities, we find for
leV| > hf, kgT:

(0 Pul=21) = | (x= 1)L, + sign(1) 3 2 e ()

Senv(f) = 2Seq(f) + Seq(zf) (3)

with  Se,(f) = (hf/Zy) coth (hf/2kpTe,,) the current
spectral density of equilibrium noise, thermal and quantum,
of a resistor Z, at temperature T, [3] (this derivation uses
cascaded averaging [18,20], but a fully quantum treatment
is still lacking). At high temperature (kgT ey, > Af), Seny =
6kpTeny/Zoy corresponds to thermal noise while at low
temperature, S,,, ~ 4hf/Z, reduces to VE. As obvious in
Eq. (2), the third moment of the detected voltage at
frequencies (f, —2f) is a linear function of the bias current
with an offset proportional to S.,, i.e., (v(f)*v(=2f)) x
Z3e? (I — sign(I)1y) with

FZO ~
610 - ZRS(l _ 3X) Senv' (4)
The offset [, is proportional to the environmental noise
experienced by the junction. When the environment is in
the quantum limit, /; is a measure of VF. The prefactor in
Eq. (4) involves the resistance and reflection coefficient of
the sample, that can be determined separately. It does not
involve parameters of the detection such as its gain.
Experimental setup—It is usually best for microwave
measurements to have the sample matched to the trans-
mission lines, i.e., ' = 0. Unfortunately, this washes out
the effect we seek to measure, see Eq. (2): VF generated by

166301-2



PHYSICAL REVIEW LETTERS 134, 166301 (2025)

the environment must be reflected by the sample to be
amplified and detected. Our sample is a 2 pm X 2 pm
A1-A1,05 tunnel junction of dc resistance R, = 505 Q,
ie, I'=0.82 (DCB is negligible here given the low
impedance, 50 Q environment). The junction is fabricated
on a high resistivity, oxidized Si substrate in a single
photolithography step by shadow evaporation of Al through
al pm high Dolan bridge [29] using e-beam deposition [30].
The junction is placed between the center conductor and
ground plane of a 50 Q CPW transmission line made of
300 nm thick Al, wire bonded to a microwave sample holder.
A strong permanent magnet placed under the sample holder
keeps the Al into its normal, nonsuperconducting state.

The setup is shown in Fig. 2. The sample holder is
anchored on the 10 mK stage of a dilution refrigerator. A bias
tee separates the dc current bias from the high frequency
noise generated by the junction. A two-stage 4—12 GHz
circulator provides 36 dB of isolation between the 4 K plate
of the refrigerator and the junction. It insures that, at the
detection frequencies, the sample experiences only VF at the
lowest temperatures, and not an uncontrolled noise, such as
the one coming from the amplifier. The sample noise
together with the environmental noise reflected by the
sample are amplified through a 1-12 GHz HEMT amplifier
placed at 4 K. At room temperature, this signal is split
into two frequency bands around f = 5.05 GHz and 2f =
10.1 GHz using a diplexer and filters, then down-converted
using two mixers with phase-locked microwave sources as
local oscillators at f and 2f, low-pass filtered below
117 MHz and digitized using synchronized 14 bits,
400 MSample/s analog-to-digital converters. In the follow-
ing, we will note X /(¢) and X, /() the signals digitized after
demodulation at frequencies f and 2f, i.e., the in-phase
quadratures.

After acquiring 256 MSample on both channels, the 2D
histogram of (Xy,X,;) is populated, from which we
compute the relevant moments of the distribution of X
and X,;: the variances (X7) and (X3), and the correlator
(X }%X »s) which we will denote (X?) for the sake of brevity.
Note that (X7) = (X3,) = 0: having a nonzero third
moment of a quadrature at a single frequency requires
an ac excitation of the sample [14—-16,31]. This procedure
is repeated ~5000 times for every value of I,. The
obtained moments are then averaged together to provide
the final result while the error bars are computed from the
standard deviation on the distribution of the measured
moments. The absolute phase of the measurements has no
influence since the sample does not experience any ac
excitation, so (X7) = (Y7) « S,(f) with Y the other
quadrature of the signal and S, the noise spectral density.
Similarly, (X3,) = (Y3;) & S,(2f). In contrast, the rela-
tive phase between the oscillators at f and 2f matters. It is
controlled by a programmable delay line. We chose it so
that (X7Y) = 0, i.e., (X°) is proportional to the real part
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FIG. 2. Experimental setup for experiment I. The dashed blue
box indicates the low temperature stage of the dilution refriger-
ator, which temperature can be controlled from 10 mK to 1 K.
The dashed green box is the electromagnetic environment, which
noise influences the sample. In experiment II, it is replaced by a
50 Q resistor with no connection to room temperature.

of (v(f)*v(=2f)) (for more details, see Supplemental
Material [32]). While nonlinearities in the setup have
negligible effects on the measurement of (X?), they add
contributions to (X?), in particular terms of order 4 such
as (X7X3,). These terms are even functions of the bias

current I,. To remove them from (X?), which is an odd
function of the bias current, we simply antisymmetrize it
with respect to I [17,23]. One of the most limiting factors
of our experiment is the noise of the HEMT amplifier,
which heavily degrades our signal-to-noise ratio, thus
considerably increasing the averaging time. A quantum-
limited amplifier could potentially speed up the measure-
ment of (X3), however, with potentials pitfalls coming
from the strong nonlinearities and frequency-dependent
phase response of such amplifiers [33].

We have performed two experiments corresponding to
different environments. In experiment I, the environment
consists of a 10 dB attenuator followed by another tunnel
junction, the environmental junction (EJ, of resistance
R.,, =45 Q), see Fig. 2. In the absence of bias, this
environment is equivalent to a resistor as in Eq. (3). A dc
current /., applied to the EJ allows to tune its noise while
keeping the fridge at 10 mK. The 10 dB attenuator inserted
between the junction and the circulator insures a good
impedance match of the junction. As a result, the total noise
S.nv experienced by the sample consists of the equilibrium
noise of the attenuator plus the attenuated shot noise of the
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FIG. 3. Examples of antisymmetrized (X3) vs sample bias

current I, for different environmental current biases /., in
experiment I. Symbols are data, dashed lines are linear fits from
which we extract [,. The vertical arrows illustrate how I
increases with /.,,. The solid lines are the theoretical prediction
for (X*) when the junction is exposed to VF (I, = 0, blue) or
when /., = 120 pA (salmon).

EJ. In the limit eV, > hf, this means that Eq. (3) has to
be replaced by

Sen(f) = @eleny + (1 = @)[28e4(f) + Seq (2] (5)

with a the attenuation factor between the two junctions. In
experiment II, the environment simply consists of a
cryogenic, macroscopic 50 Q resistor thermalized on the
base plate of the refrigerator. Its temperature is close to that
of the fridge, which is controlled from 10 mK to 0.6 K. In
this second experiment, the noise experienced by the
sample is varied by changing the temperature of the
refrigerator, thus also that of the sample.

Results—Measurements of (X7) and (X3;) vs sample
bias current /; allow us to determine the electron temper-
ature 7" of the sample [30,34]. We find T to be identical to
the fridge temperature except at the lowest temperatures
(we obtain 7 =20 mK at the base temperature, see
Supplemental Material [32]). This is, however, irrelevant
since we operate at high bias, where the sample is
generating pure shot noise, i.e., S,(f) = S,(2f) = el|l]|.
Measurements of (X*) vs I in experiment I are reported in
Fig. 3, for various biases of the EJ. For /., = 0, we show
the measurement of the full bias dependence, in very good
agreement with theory (see Supplemental Material [32]).
Here, the only unknown parameter is the overall gain of the
setup. In the following, we consider only the classical, high
bias limit of this curve, given by Eq. (2). We observe that
the high bias behavior of (X?) is linear with an offset, i.e.
(X3) « (I, — 1), as expected.

Acquiring the data shown in Fig. 3 for /.,, = 0, i.e., with
the full dependence on I, takes ~2 weeks. While we

Ieny (1A)
0 25 50 75 100 125
1 1 1 1 1
Thermal noise-Experiment |
1.25 4 t Thermal noise-Experiment Il *
4 Shot noise *4’{*,
>
g—N\ 1.00 A % ’}/ ",’4’
<z B ,’/ d
. ¢ <
\_: 0.75 OLQ}:"PT ””’T
=} P d "‘”W
@y 0.50 1 ST
- "’
- -
0.25 ﬂ-{-;—‘---q;f ------------
-~ Zo. v
0.00 T T T
0.0 0.2 0.4 0.6
T (K)

FIG. 4. Environmental noise S, vs environmental bias current
I, (upper x scale) or temperature (lower x scale). Green triangles
are measured by varying /., in experiment I, orange triangles by
varying T while keeping /.,, = 0 in experiment I and red dots by
varying T in experiment II, where the environment is a 50 Q
resistor. The black horizontal dashed line corresponds to the
theoretical limit of quantum VF and the oblique one to classical
thermal noise. The red dotted line is the full theoretical prediction
for S.,, of Eq. (3).

considered important to do this measurement at the lowest
temperature to make sure that the experiment is well
controlled, it is irrelevant to the final goal of the experi-
ment. To determine how [, depends on environmental
noise, all that is needed are a few points in the high I
regime. We show in Fig. 3 a few examples of such a
determination for various environmental bias currents
(experiment I). As expected from Eq. (2), changing 7,
only shifts the curves without changing their slope. We
have repeated this procedure to determine /; as a function
of I.,, (experiment I) or 7 (experiments I and II).

From the measurement of /, we deduce the environ-
mental noise spectral density S, using Eq. (4). Figure 4
shows the measured dependence of S, with I, (between
0 and 120 pA, experiment I) and the electron temperature T
(between 20 mK and 600 mK, experiments I and II).

We first discuss the dependence on /,,. The EJ is always
biased in its classical limit so it generates pure shot noise
e|l.| at frequencies f and 2f (eV.,, = hf corresponds
to I, >~ 0.5 pA). This noise is partially coupled to the
microwave circuitry, attenuated by the 10 dB attenuator and
further attenuated by the circuitry between the two junc-
tions. As already discussed, S.,, grows linearly with I,
according to Eq. (5), in good agreement with our obser-
vations. The observed slope @ = 0.0536 corresponds to an
effective attenuation of 17.5 dB between the EJ
and the sample. An independent determination of « from
(X?) and (X3,) measurements vs /gy, at Iy =0 gives an
attenuation of 17.2 dB (see Supplemental Material [32]).
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We now consider the same setup in which we do not bias
the EJ but vary the temperature of the refrigerator. As
previously, the sample is always biased in its classical
regime e|V,| > kpT, so I is increased up to [, = 2.6 pA
for T = 600 mK. The corresponding measured S,,, are
shown in Fig. 4: it goes from a linear temperature
dependence with no offset at high 7 to a saturation at
low T. This corresponds to the environmental noise going
from thermal at high 7 to VF at low 7. The theoretical
prediction of Eq. (3), shown with no fitting parameter in
Fig. 4, is in very good agreement with the measurement.

From the bias dependence of the noise of the junctions
[30,34], we find at base temperature 7 = 20 mK for the
sample and 7' = 23 mK for the environmental junction, see
Supplemental Material [32]. In experiment II, the environ-
mental noise source is a macroscopic resistor well ther-
malized to the refrigerator. These data corroborate what has
been measured in experiment I, see Fig. 4.

One may wonder whether one could modulate the VF to
help their detection, as a signal turned on and off [14—16], by,
e.g., connecting and disconnecting a resistor at the input
of an amplifier. A matched resistor (I' = 0 in Fig. 1) leads to
(v?) o (i2) = Seq(T') while for an open circuit (' = 1) (%)
(iZw) = Seq(Teny): if the measurement frequency is much
larger than kz T /h and kT, /h, in both cases one measures
VE, that of the resistor or that of the load of the circulator,
which are equal. This generalizes easily to any impedances.

Conclusion—We have measured the impact of a con-
trolled electromagnetic noise on the current statistics of a
tunnel junction by studying its effect on the third moment.
Using a detection scheme providing an in-situ measure-
ment of noise at cryogenic temperatures, we have observed
that even the unavoidable quantum VF have a strong
influence on electron transport beyond the usual dc current
and variance. Indeed, their contribution to the skewness is
almost as large as the intrinsic Poissonian value when
eV, =2hf (see Supplemental Material [32]). This opens
up the path to study the impact of quantum states of the
electromagnetic field (vacuum, squeezed state, etc.) [35] on
electron transport in a wide variety of devices and regimes.
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