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We report measurements of the correlations between electromagnetic field quadratures at two
frequencies f1 ¼ 7 GHz and f1 ¼ 7.5 GHz of the radiation emitted by a tunnel junction placed at very
low temperature and excited at frequency f1 þ f2. We demonstrate the existence of two-mode squeezing
and violation of a Bell-like inequality, thereby proving the existence of entanglement in the quantum shot
noise radiated by the tunnel junction.
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Electrical current flowing in a conductor always
fluctuates in time, a phenomenon usually referred to as
“electrical noise.” At room temperature, one way this can
be described is using a time-dependent current IðtÞ. While
the dc current corresponds to the average hIðtÞi, current
fluctuations are characterized by their statistical properties
such as their second order correlator hIðtÞIðt0Þi, where the
brackets h� � �i represent the statistical average. An alternate
approach is to consider that this time-dependent current
generates a random electromagnetic field that propagates
along the electrical wires. Both of these descriptions are
equivalent. For example, the equilibrium current fluctua-
tions (Johnson-Nyquist noise [1,2]) correspond to the
blackbody radiation in one dimension [3]. More precisely,
the power radiated by a sample at frequency f in a cable
is proportional to the spectral density SðfÞ of current
fluctuation which, at high temperature and at equilibrium
(i.e., with no bias), is given by S0ðhf ≪ kBTÞ ¼ 2kBT=R
where T is the temperature and R is the electrical resistance
of the sample [4].
In short samples at very low temperatures, electrons obey

quantum mechanics. Thus, electron transport can no longer
be modeled by a time-dependent, classical number IðtÞ, but
needs to be described by an operator ÎðtÞ. Current fluctua-
tions are characterized by correlators such as hÎðtÞÎðt0Þi.
Quantum predictions differ from classical ones only when
the energy hf associated with the electromagnetic field is
comparable with energies associated with the temperature
kBT and the voltage eV. Hence for hf ≫ kBT, eV, the
thermal energy kBT in the expression of S0ðfÞ has to be
replaced by that of vacuum fluctuations, hf=2. Some
general link between the statistics of current fluctuations
and that of the detected electromagnetic field is required
beyond the correspondence between the spectral density of
current fluctuations and radiated power [5–8]. In particular,
since the statistics of current fluctuations can be tailored by
engineering the shape of the time-dependent bias voltage
[9], it may be possible to induce nonclassical correlations in
the electromagnetic field generated by a quantum con-
ductor. For example, an ac bias at frequency f0 generates

correlations between current fluctuations at frequencies f1
and f2, i.e., hÎðf1ÞÎðf2Þi ≠ 0, if f1 � f2 ¼ nf0 with n
integer [10–12]. This is responsible for the existence of
correlated power fluctuations [13] and for the emission
of photon pairs [14] recently observed. For f1 ¼ f2,
hÎ2ðf1Þi ≠ 0 leads to vacuum squeezing [15,16]. In this
Letter, we report measurements of the correlations between
electromagnetic field quadratures at frequencies f1 and f2
when the sample is irradiated at frequency f0 ¼ f1 þ f2.
By analyzing these correlations, we show that the electro-
magnetic field produced by electronic shot noise can be
described in a way similar to an Einstein-Podolski-Rosen
(EPR) pair: when measuring fluctuations at only one
frequency, i.e., one mode of the electromagnetic field,
no quadrature is preferred. But when measuring two
modes, we observe strong correlations between identical
quadratures. These correlations are stronger than what is
allowed by classical mechanics as proven by their violation
of Bell-like inequalities.
Entanglement of photons of different frequencies has

already been observed in superconducting devices engi-
neered for that purpose in Refs. [17–19], where frequencies
f1 and f2 are fixed by resonators and the entanglement
comes from a nonlinear element, a Josephson junction.
What we show here is that any quantum conductor excited
at frequency f0 emits entangled radiation at any pair of
frequencies f1, f2 such that f0 ¼ f1 þ f2. This property is
demonstrated using a tunnel junction but our results clearly
stand for any device that exhibits quantum shot noise. The
key ingredient for the appearance of entanglement is the
following: noise at any frequency f1 modulated by an ac
voltage at frequency f0 gives rise to sidebands with a well
defined phase. These sidebands, located at frequencies
�f1 � nf0 with n integer, are correlated with the current
fluctuations at frequency f0. The particular case f2 ¼
−f1 þ f0 we study here corresponds to the maximum
correlation.
Experimental setup.—(See Fig. 1). We use a R ¼ 70 Ω

Al=Al2O3=Al tunnel junction in the presence of a magnetic
field to insure that the aluminum remains a normal metal

PRL 114, 130403 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending
3 APRIL 2015

0031-9007=15=114(13)=130403(5) 130403-1 © 2015 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.114.130403
http://dx.doi.org/10.1103/PhysRevLett.114.130403
http://dx.doi.org/10.1103/PhysRevLett.114.130403
http://dx.doi.org/10.1103/PhysRevLett.114.130403


at all temperatures. It is cooled to ∼18 mK by a dilution
refrigerator. A triplexer connected to the junction separates
the frequency spectrum in three bands corresponding to the
dc bias (<4 GHz), the ac bias at frequency f0 (>8 GHz),
and the detection band (4–8 GHz). Low-pass filters are
used to minimize the parasitic noise coming down the dc
bias line and attenuators are placed on the ac bias line to
dampen noise generated by room-temperature electronics.
The signal generated by the junction in the 4–8 GHz range
goes through two circulators, used to isolate the sample
from the amplification line noise, and is then amplified by a
high electron mobility transistor amplifier placed at 3 K.
At room temperature, the signal is separated in two

branches, each entering an I/Q (in phase/quadrature) mixer.
One mixer is referenced to a local oscillator at frequency f1
and the other at frequency f2 ¼ f0 − f1. All three micro-
wave sources at frequencies f0, f1, and f2 are phase
coherent. The two IQ mixers take the signal emitted by the
junction and provide the in-phase X1;2 and quadrature P1;2
parts relative to their references with a bandwidth of
80 MHz. Similar setups have already been used to
determine statistical properties of radiation in the micro-
wave domain [20–24]. We chose to work at f0 ¼ 14.5GHz,
f1 ¼ 7 GHz ⇒ f2 ¼ 7.5 GHz so that f1 and f2 are far
enough to suppress any overlap between the frequency
bands. Any two quantities A, B among X1, X2, P1, and P2

can be digitized simultaneously by a two-channel digitizer
at a rate of 400 MS=s, yielding a 2D probability map
PðA;BÞ. From PðA;BÞ, one can calculate any statistical
quantity, in particular the variances hA2i, hB2i, as well as
the correlators hABi.
Calibration.—The four detection channels must be

calibrated separately. This is achieved by measuring the
variances hX2

1;2i, hP2
1;2i in the absence of rf excitation.

These should all be proportional to the noise spectral

density of a tunnel junction at frequency f1;2, given
by Sðf; VÞ ¼ ½S0ðf þ eV=hÞ þ S0ðf − eV=hÞ�=2, where
S0ðfÞ ¼ ðhf=RÞ cothðhf=2kBTÞ is the equilibrium noise
spectral density at frequency f in a tunnel junction of
resistance R. By fitting the measurements with this
formula, we find an electron temperature of T ¼ 18 mK
and an amplifier noise temperature of ∼3 K, which are
identical for all four channels. The small channel cross talk
was eliminated using the fact that hA1B2i ¼ 0 when no
microwave excitation is present.
Results.—We begin our analysis by illustrating the effect

of microwave excitation and dc bias on the current
fluctuations. We show in Fig. 2 the difference ΔP between
the probability distribution PðA; BÞ in the presence of
Vdc ¼ 29.4 μV and Vac ¼ 37 μV bias and PðA;BÞ for
Vdc ¼ Vac ¼ 0. Figures 2(b) and 2(c), which correspond to
ΔPðX1; P2Þ and ΔPðP1; X2Þ, are almost invariant by
rotation. This means that the corresponding probability
PðX;PÞ depends only on X2 þ P2.
As an immediate consequence, one expects

hX1P2i ¼ hP1X2i ¼ 0: X1 and P2 are uncorrelated, as
are X2 and P1. In contrast, Figs. 2(a) and 2(d), which
show, respectively, ΔPðX1; X2Þ and ΔPðP1; P2Þ, are not
invariant by rotation: the axes X1 ¼ �X2 and P1 ¼ �P2

are singular; for a given value of X1 the probability
ΔPðX1; X2Þ is either maximum or minimum for
X2 ¼ X1, whereas for a given value of P1, the probability
ΔPðP1; P2Þ is either maximum or minimum for P2 ¼ −P1.
These indicate that it is possible to observe correlations
or anticorrelations between X1 and X2 on one hand, and
between P1 and P2 on the other hand. Data in Figs. 2(a)
through 2(d) correspond to two frequencies f1 and f2 that

FIG. 1 (color online). Experimental setup. See details in text.

FIG. 2 (color online). ΔP ¼ PðA; BÞVdc;Vac
− PðA; BÞ0;0

(unitless): (a)–(d) difference between the normalised 2D current
fluctuation distributions of the tunnel junction at Vdc ¼ 29.4 μV,
18 mK, under 14.5 GHz, Vac ¼ 37 μV microwave excitation and
without excitation at Vdc ¼ 0. X and P represent two quadratures
of the observed signal while numbers 1 and 2 represent fluctua-
tions of frequency 7 and 7.5 GHz in arbitrary units. Each
distribution is made up of 2 × 1011samples.
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sum up to f0, all three frequencies being phase coherent. If
this condition is not fulfilled, no correlations are observed
between any two quadratures, giving plots similar to
Figs. 2(b) or 2(c) (data not shown). The effect of frequen-
cies on correlations between power fluctuations has been
thoroughly studied in Refs. [13,14].
To be more quantitative, we show in Fig. 3 the hABi

correlators as a function of the dc bias voltage for a
fixed Vac. Clearly, hX1P2i ¼ hP1X2i ¼ 0 while hX1X2i ¼
−hP1P2i is nonzero for Vdc ≠ 0. These results are pre-
sented in temperature units (K), using the usual unit
conversion Tnoise ¼ RS=2kB for the measured noise
spectral density S of a conductor of resistance R.
Theory.—We now compare our experimental results

with theoretical predictions. In order to link the measured
quantities to electronic properties, we will first define the
quadrature operators, following Refs. [8,16],

X̂1;2 ¼
Îðf1;2Þ þ Îð−f1;2Þ

ffiffiffi

2
p ;

P̂1;2 ¼
Îðf1;2Þ − Îð−f1;2Þ

i
ffiffiffi

2
p ;

where ÎðfÞ is the current operator at frequency f. In
the absence of rf excitation, the currents observed at two dif-
ferent frequencies are uncorrelated, hÎð�f1ÞÎð�f2Þi ¼ 0.
The excitation at frequency f0 ¼ f1 þ f2 induces correla-
tions so that hÎðf1ÞÎðf2Þi ¼ hÎð−f1ÞÎð−f2Þi ≠ 0.
More precisely, one has [10–12]

hÎðfÞÎðf0 − fÞi ¼
X

n

αn
2
½S0ðfnþÞ − S0ðfn−Þ�; ð1Þ

where fn� ¼ f þ nf0 � eVdc=h and αn ¼
JnðeVac=hf0ÞJnþ1ðeVac=hf0Þ with Jn the Bessel functions
of the first kind. From this we can calculate the theoretical
predictions for all the correlators, which are represented as
black lines in Fig. 3, showing a very good agreement
between theory and experiment.
Two-mode squeezing.—Squeezing is best explained

using the dimensionless operators

x̂k ¼
X̂k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2hfk=R
p ;

p̂k ¼
P̂k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2hfk=R
p ;

chosen so that h½x̂k; p̂k0 �i ¼ δk;k0 with k; k0 ¼ 1; 2. At
equilibrium ðVdc ¼ Vac ¼ 0Þ and very low temperature
ðkBT ≪ hf1;2Þ, the noise generated by the junction corre-
sponds to vacuum fluctuations and hx̂2ki ¼ hp̂2

ki ¼ 1=2.
Experimentally, this can be seen in Fig. 4 as a plateau in
hx̂2ki vs Vdc at Vac ¼ 0 (black circles) and low Vdc, which is
outlined by a dashed line.
Single-mode squeezing refers to the possibility of going

below 1=2 for either hx̂2ki or hp̂2
ki. This has been observed

when the excitation frequency f0 corresponds to f0 ¼ fk or
f0 ¼ 2fk [16]. As can be seen in Fig. 4, there is no single-
mode squeezing for f0 ¼ f1 þ f2 and hx̂21i > 1=2 (as well
as hx̂22i ¼ hp̂2

1i ¼ hp̂2
2i > 1=2, data not shown). Using the

operators û ¼ ðx̂1 − x̂2Þ=
ffiffiffi

2
p

and v̂ ¼ ðp̂1 þ p̂2Þ=
ffiffiffi

2
p

, two-
mode squeezing refers to the possibility of either hû2i or

FIG. 3 (color online). Quadrature correlators of electro-
magnetic field at frequencies f1 ¼ 7 GHz, f2 ¼ 7.5 GHz gen-
erated by a 70 Ω tunnel junction at 18 mK under 14.5 GHz,
Vac ¼ 37 μV microwave excitation. Symbols represent exper-
imental data and lines are theoretical expectations. Symbol sizes
represent experimental uncertainty.

FIG. 4 (color online). Rescaled (unitless) variances of the
electro-magnetic field generated by a 70 Ω tunnel junction at
18 mK under 14.5 GHz, Vac ¼ 37 μV microwave excitation and
without excitation, obtained using signal quadratures at frequen-
cies f1 ¼ 7 GHz, f2 ¼ 7.5 GHz. Symbols represent experimen-
tal data and lines are theoretical expectations. Symbol sizes
represent experimental uncertainty. The shaded area showcases
the less-than-vacuum noise levels.
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hv̂2i going below 1=2, which corresponds to their value for
vacuum fluctuations. As evidenced by Fig. 4, hû2i≃ hv̂2i
goes below 1=2 for a certain range of dc bias, a clear proof
of the existence of two-mode squeezing for electronic
shot noise.
The optimal squeezing observed corresponds to hû2i ¼

0.32� 0.05, hv̂2i ¼ 0.31� 0.05, i.e., 2.1 dBbelowvacuum,
versus the theoretical expectation of hû2i ¼ hv̂2i ¼ 0.33.
This minimum is observed at Vdc ≃ 30 μV≃ hf1;2=e. All
data are in good agreement with theoretical predictions,
plotted as full black lines inFig. 4with hx̂2ki ¼ hp̂2

ki ¼ SðfkÞ,
with the photoassisted shot noise given by SðfÞ ¼
1
2
ΣnJ2nðeVac=hf0Þ½S0ðfnþÞ þ S0ðfn−Þ� [25]. Curves for

hðx̂1 þ x̂2Þ2i=2 and hðp̂1 − p̂2Þ2i=2 follow the same behav-
ior with reversed dc bias, showing minima of 0.35� 0.05
and 0.41� 0.05 or 1.6 dB at Vdc ≃ −30 μV≃ −hf1;2=e.
The latter data were omitted from Fig. 4 in order to
simplify it.
Entanglement.—While the presence of two-mode

squeezing shows the existence of strong correlations
between quadratures of the electromagnetic field at differ-
ent frequencies, this is not enough to prove the existence of
entanglement. A criterion certifying the inseparability of
the two modes, and thus entanglement between them, is
given in terms of the quantity δ ¼ hû2i þ hv̂2i. In the case
of a classical field, this must obey δ > 1 [26]. This is
equivalent to a Bell-like inequality for continuous varia-
bles. As we reported in Fig. 4, we observe δ ¼ 0.6� 0.1.
Thus, photons emitted at frequencies f1 and f2 are not only
correlated but also form EPR pairs suitable for quantum
information processing with continuous variables [27].
Two-mode quadrature-squeezed states are usually char-

acterized by their covariance matrix. Following the nota-
tions of Ref. [28], our experiment corresponds to
n ¼ 2hx21;2i≃ 2hp2

1;2i, k ¼ 2hx1x2i≃ −2hp1p2i so that
δ ¼ n − k. Equilibrium at T ¼ 0 corresponds to n ¼ 1
and k ¼ 0. Our observed optimal squeezing corresponds
to n ¼ 1.3� 0.1 and k ¼ 0.52� 0.05. From these num-
bers, one can calculate all the statistical properties that
characterize the electromagnetic field generated by the
junction. In particular, we find a formation entanglement of
EF ≃ 0.2 (as defined in Ref. [28]) and a purity of μ ¼ 0.82
(as defined in Ref. [29]). While in our experiment, the
entangled photons are not spatially separated, this could
easily be achieved using a diplexer, which can separate
frequency bands without dissipation.
A cursory analysis of the data in terms of EPR steering

shows that according to the definitions presented in
Ref. [30], we obtain μ0 ¼ 0.62 (not to be confused with
μ from Ref. [29]), n̄ ¼ 0.15. According to Eqs. (71) and
(77) from that work, we clearly respect the criteria for
entanglement but fall shy of being able to observe steering.
Numerical calculations using Eq. (1) show that the con-
dition for steerability could be fulfilled at lower temper-
ature (T < 16.8 mK with the present setup) or higher

frequency, while we should observe μ0 ¼ 0.85 and n̄¼ 0.06
at T ¼ 0 K. Although a temperature of T < 16.8 mK
seems experimentally accessible, the physical meaning
of steerability in terms of electron quantum shot noise still
needs to be understood.
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