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We observe the suppression of the finite frequency shot noise produced by a voltage biased tunnel
junction due to its interaction with a single electromagnetic mode of high impedance. The tunnel junction is
embedded in a A/4 resonator containing a dense SQUID array providing it with a characteristic impedance
in the k€ range and a resonant frequency tunable in the 4-6 GHz range. Such high impedance gives rise
to a sizable Coulomb blockade on the tunnel junction (~30% reduction in the differential conductance)
and allows an efficient measurement of the spectral density of the current fluctuations at the resonator
frequency. The observed blockade of shot noise is found in agreement with an extension of the dynamical

Coulomb blockade theory.
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Contrary to usual electronic components for which one
can define an intrinsic behavior (e.g., the /-V character-
istic), the transport properties of a coherent quantum
conductor depend on its biasing circuit. This is true even
when the size of the circuit exceeds the electron coherence
length, suppressing electronic interference effects. This
nonintrinsic behavior can be traced to the quantum-
probabilistic character of the transmission of electrons
through the conductor, resulting in broadband fluctuations
of the current called shot noise [1]. This current noise can
create collective excitations (hereafter called “photons”) in
the electromagnetic environment seen by the conductor.
This yields a backaction on the transport properties of the
conductor itself [2]. This physics bears similarities with the
spontaneous emission of photons by an excited atom, albeit
with important differences: first, dc biased quantum con-
ductors are out-of-equilibrium open systems and cannot be
described as a set of discrete levels; second, the dimension-
less parameter characterizing the electron-photon coupling
is given by the ratio of the environment’s impedance to
the resistance quantum Ry = h/e* = 25.8 kQ; hence, by
increasing the impedance of the circuit connected to the
quantum conductor, one can significantly increase the
effective coupling constant. This results in a rich physics,
already partially understood: noticeably, the dynamical
Coulomb blockade (DCB) theory [2] accounts for the
observed suppression [3—-5] of the low voltage conductance
of a tunnel element as a result of its coupling to a dissipative
electromagnetic environment. A natural step is then to
understand how the coupling to the environment modifies
the current fluctuations themselves: is there a Coulomb
blockade of shot noise? This question of current fluctua-
tions in the presence of DCB was addressed theoretically
for the low frequency, long time limit where the corrections
to the noise power and to the full counting statistics were
predicted [6-9]. Instead, we consider here the environmen-
tal feedback on the frequency dependence of the shot noise
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of a simple quantum conductor, a tunnel junction.
Following Ref. [10], we extend the DCB theory to predict
the finite frequency emission noise spectrum of a voltage
biased tunnel junction in the presence of an arbitrary linear
environment. Probing this prediction requires achieving
strong coupling of the junction to its environment and
measuring its high frequency shot noise. To do so, we
fabricate a tunnel junction embedded in the simplest
environment, a harmonic oscillator, and measure the effect
of Coulomb blockade on the shot noise power at the
frequency of the oscillator. The oscillator is realized with a
microwave resonator based on a Josephson transmission
line allowing both a tenfold increase of the coupling
constant between the junction and the resonator, and tuning
the resonant frequency. The data are found in quantitative
agreement with the theory.

In order to evaluate the current and its fluctuations
through a tunnel element in the presence of DCB,
we consider a circuit consisting of a tunnel junction of
conductance G in series with an impedance Z(v) described
as the series combination of harmonic modes (see upper
panel of Fig. 1) at temperature 7" and biased at voltage V.
We then compute (see the Supplemental Material [11] for
more details) the current / and the quantum spectral density
S;(v) of current noise, i.e., the Fourier transform of the
nonsymmetrized current-current correlator

Si(v) = 2/ (I(t)1(0))e~'dLt. (1)
In this convention positive (negative) frequencies corre-
spond to energy being emitted (absorbed) by the quasipar-
ticles to (from) the electromagnetic modes. Taking separate
thermal equilibrium averages over the unperturbed quasi-
particle and environmental degrees of freedom yields

1V) = L fpop(ev) —poP(=eV). @)
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FIG. 1 (color). Coulomb blockade in a normal quantum con-
ductor. (a) A quantum conductor (here a tunnel junction) is voltage
biased (V) through a series impedance Z modeled as a collection
of harmonic modes, resulting in inelastic electron tunneling.
(b) Experimental setup: a tunnel junction is dc biased at voltage
V, and connected to a SQUID-based resonator presenting a
discrete mode at frequency v, tuned by varying the magnetic
flux ¢,, threading each SQUID loop. The dc biasing line and 50Q2
microwave measurement line are separated by a bias tee, allowing
us to measure the junction dc differential conductance G(V) and
the emission noise S;(v, V). The measurement line includes an
isolator, a cryogenic amplifier with 42 dB gain, a 180 MHz
passband filter centered on v, and a matched quadratic detector.
Temperatures of the different stages are indicated on the right.
Bottom illustrations: global view of the sample, with SEM pictures
of SQUIDs (top inset) forming the array and of the normal tunnel
junction (bottom inset), both from sample 1.

S;(v, V) =2GrlyoP(eV — hv) + yoP(—hv —eV)],  (3)

where yoP(E) = [ de'y(¢/)P(E — ¢) with P(e) the prob-
ability density for a tunneling electron to emit the energy ¢
in form of photons into the impedance [2], with y(e) =
[de'f()[1 — f(¢ +€)] = e/(1 — e~¥/ksT), and with f the
Fermi function. Equation (2) is the standard DCB expres-
sion for the tunneling current [2], whereas Eq. (3) is our
prediction for the Coulomb blockade of shot noise, which
we probe in the experiment described below. For a
positive bias voltage and low temperature (kg7 < eV, hv),
Egs. (2) and (3) take the simpler form

vy =51 /0 Y (eV = e)P(e)de, @

e

S;(v, V) =2G0(eV — hv) /thD(eV — hv — €)P(¢e)de,
0
®)

with @(¢) the Heaviside function. Equations (4) and (5) are
easily interpreted: the total current is proportional to the
average energy available for quasiparticles upon the transfer
of an electron through the circuit, and so is the noise power
at frequency v, albeit imposing the emission of a photon of
energy hv into the environment. In the case of a vanishing
impedance Z(v) < Ry, P(e) =65(¢) and one recovers
the standard, noninteracting, finite frequency shot noise
result [12]. In the case of a discrete harmonic oscillator
of frequency vy = 1/[2zv/LC] and impedance Z. =
\/L/C, thermalized at a temperature T < hvy/kp: P(E) =
S prS(E — khuy), with p, = e “a*/k! the probability
for the oscillator to absorb k photons [2], and @« = zZ-/Rg
the coupling strength between the tunnel junction and the
oscillator. Our experiment achieves an unprecedented
electron-single mode coupling & ~ 0.3, which allows observ-
ing multiphoton processes both in the average current and in
the emission noise. Note that, despite similar denominations,
the effect we consider here differs from static Coulomb
blockade, which results from the charging energy of a small
island connected to reservoirs by tunnel barrier. Static
Coulomb blockade is a quasiclassical effect which can be
described by master rate equations, at the level of the current
noise [13], and even the full counting statistics [14].

Our experimental setup is schematized in the lower panel
of Fig. 1: a 100 x 100 nm? tunnel junction with tunnel
resistance G7' in the 100 kQ range is embedded in an
on-chip 4/4 coplanar resonator of resonant frequency vy,
whose inner conductor is made of an array of identical
and equally spaced Al/AlOx/Al SQUIDs. To a very good
approximation, its lineic inductance is dominated by the
Josephson inductance L; = h[2ely|cos(egp/h)|a]™", where
I, is the maximum critical current of one SQUID, ¢ the
flux applied to each SQUID, and a the distance between
adjacent SQUIDs. This increases the resonator impedance
Zc above 1 kQ, and allows us to decrease v, while
increasing Z- by applying a flux through the SQUIDs.
Two samples were fabricated and measured. In both cases
the 6 GHz maximum frequency of the resonator ensures
kgT < hy, at the 15 mK temperature of the experiment, so
that thermal fluctuations do not blur the Coulomb blockade
effects. The minimum zero flux lineic inductances of the first
and second resonators were designed at 8.80 x 10~ Hm™!
and 3.95 x 10~ Hm™', respectively. Note that Josephson
transmission lines have been used to create nonlinear
resonators used as parametric amplifiers [15], or to probe
how quantum phase slips drive them into an insulating state
at Z¢ > Ry [16]. We avoid this regime by keeping Z. in

236803-2



PRL 112, 236803 (2014)

PHYSICAL REVIEW LETTERS

week ending
13 JUNE 2014

the kQ range, which still allows us to obtain sizable DCB
corrections. Keeping the current going through the resonator
much smaller than /,, ensures that the Josephson junctions
can be considered as linear inductances. The resistance G5!
being much higher than Z(v), the impedance seen by
one conduction channel of the junction is not shunted by
the parallel conductance of the other channels [17]. The
SQUIDs and the tunnel junction were fabricated on a
Si/SiO, substrate using standard nanofabrication tech-
niques [11]. In addition, a 30 x 50 x 0.3 um> gold patch
is inserted between the tunnel junction and the SQUID array
in order to evacuate the Joule power dissipated at the tunnel
junction via electron-phonon coupling. As an example,
assuming a typical 2 nW um~ K= electron-phonon cou-
pling constant [18], a 100 £V (1 mV) bias on a 200 kQ
tunnel resistance increases the electron temperature from
15 to 20 mK (50 mK), keeping heating effects negligible.
Note that the thermalization pad adds an additional 12 {F to
ground, which is taken into account to evaluate the total
impedance seen by the tunnel junction. The chip is con-
nected to the biasing and measurement circuits through a
commercial 50 Q matched bias tee. The inductive (low
frequency) path is used both to bias the sample through a
cold 13 MQ resistor, and to measure the dc voltage across
the tunnel junction and its conductance G(V). The capaci-
tive (rf) path guides the radiation S;(v, V) emitted by the
sample to a cryogenic isolator anchored at 15 mK, to a
cryogenic amplifier with a ~2.5 K noise temperature in the
4-8 GHz bandwidth, to room temperature bandpass filters,
and finally to a power “square law” detector, the output
voltage of which is proportional to its input microwave
power. The isolator diverts the current noise of the amplifier
to a 50 Q matched resistor that reemits to the sample a
blackbody radiation only at the coldest temperature, ensur-
ing a negligible photon occupation of the resonator at GHz
frequencies. Finally, the signal S;(v, V) is extracted from
the large noise floor of the cryogenic amplifier by a lock-in
detection involving a 1 'V sinusoidal modulation at 17 Hz
on top of the dc voltage V.

We first characterized the on-chip microwave resonator
by measuring the power emitted by the electronic shot
noise of the junction S; ~ 2e/ at high bias voltage V~1mV
[19], where DCB effects are negligible. Under these
conditions, the spectral density of the emitted power is
2¢VRe[Z(v)|Gr/|1 + G Z(v)[* = 2eVGrRe[Z(v)] since
the tunnel resistance (G7' = 230 kQ/450 kQ for sample
1/2) is much larger than the maximum detection imped-
ance Z(v). This spectral density is obtained using a
heterodyne measurement implementing a 10 MHz-wide
bandpass filter at tunable frequency. As shown in Fig. 2, the
extracted Re[Z(v)] is in satisfactory agreement with pre-
dictions. In particular, Z(v) shows the expected resonance,
with a resonant frequency v, decreasing with ¢, associated
to an increasing impedance and quality factor, which is
limited by radiative losses. The maximum disagreement
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FIG. 2 (color). Characterization of the environment impedance:
Designed (left) and measured (right) real part of the impedance
Z(v) of the quarter-wave resonator of sample 1 (see Fig. 1) as a
function of magnetic flux ¢, and frequency v. The overprinted
curve on the right (top scale) shows the resonance at vy=6 GHz
for ¢, = 0, measured (solid line) and calculated (dotted line).
Horizontal dotted white lines indicate —3 dB bandwidth used for
measuring the shot noise power shown in Fig 3(a).

between the measured maximum for Re[Z(v)] and the
calculated one is about 15%, which we attribute to an
uncertainty in the calibration of the gain of the amplifying
chain [11]. We attribute the additional structure around
5.7 GHz to a parasitic resonance in the detection chain.
Once our microwave environment calibrated, we measure
both the differential conductance G(V) of the tunnel
junction and the voltage derivative 9S;(vy, V)/9V of the
noise emitted in a 180 MHz bandwidth centered around
the resonator frequency v, as a function of the dc bias
voltage applied to the junction. The conductance, shown in
the upper panel of Fig. 3 for both samples, is nonlinear,
showing a staircase behavior characteristic of DCB cor-
rections due to a single mode, rounded by the finite
temperature [2]. The high characteristic impedance of
our resonators yields DCB corrections to the conductance
10 times higher than with standard microwave resonators
[19,20], and shows not only the single photon emission
onset at bias voltage V = hy/e but also the two photon
onset at 2V. As shown in the lower panels of Fig. 3, the
voltage derivative of emission noise power also displays a
non-linear staircase shape, with a first singularity at V|,
followed by a smaller step at 2V,. The first step at V is
predicted in the standard—not including DCB effects—
finite frequency shot noise theory, represented by the dotted
black curve in the lower panel of Fig. 3. It has been
observed in several experiments [21-24] and can be dually
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FIG. 3 (color).

Comparison between the measured conductance and noise blockade, and an extension of the dynamical Coulomb

blockade theory. Normalized differential conductance G (V') (top) and current noise spectral density 95, (v, V)/0V (bottom). Open circles
are experimental data measured at 15 mK. The left panel shows data measured on sample 1, with v, = 6 GHz, the center and right panel
data measured on sample 2 with v, = 6 and 4 GHz, respectively. Solid red lines result from an analytical fit to the data involving series
impedance made of three discrete modes shown in insets and the dotted black curve shows the noninteracting, finite frequency shot noise
prediction. The green dot-dashed line represents the DCB expression for the current noise density symmetrized with respect to frequency.

understood either in terms of the finite time coherence of a
dc biased quantum conductor, or in terms of the energy
cost of creating excitations at frequency v, in the meas-
uring apparatus [12,25,26]. The second step occurs at
the onset voltage for the emission of two photons in
the resonator by a tunneling electron. The significant
difference between the experimental points and the non-
interacting prediction demonstrates the Coulomb block-
ade of shot noise.

We now probe how the data shown in Fig. 3 can be
quantitatively accounted for by Egs. (2) and (3), using our
well-controlled environment as an input to evaluate P(E).
‘We model this environment as a series combination of three
discrete harmonic modes. The two higher frequency ones
correspond to the fundamental and first harmonic modes of
the resonator. These two modes account with no adjustable
parameters for the observed variations above Vy = hyy/e.
Their characteristic impedance can be evaluated through
the standard formula Z. = (2/voImY’ (1)), where Y (v)
is the environment’s admittance, evaluated from our mod-
eling of the Josephson transmission line. We introduce an
additional lower frequency mode to account for the unex-
pected 3% dip in the differential conductance that we
observe at low bias voltage |V| <5 uV. We attribute this
low-frequency parasitic resonance, which only slightly
affects the data, to the bias tee. The corresponding pre-
dictions, assuming an electron temperature 7, = 16 mK
corresponding to the temperature of the refrigerator’s
mixing chamber, are represented by the solid red curve

in the top graphs of Fig. 3. Note that at this temperature, the
~3.5kzT/h ~ 1 GHz smearing expected from the Fermi
distribution is broader than the linewidth of the modes of
our resonator. This is why the discrete modes model, which
yields analytical expression for the P(E) function [2], is
able to reproduce the data. The emission noise data can be
reproduced by Eq. (2) with excellent accuracy, whereas
the expression corresponding to the current noise spectral
density symmetrized with respect to frequency [10,11],
S, V) = [Si(—v, V) + S;(v, V)] /2, represented by the
green dash-dotted line in Fig. 3, is not compatible with our
data. Note that at low temperature kg7 < hy, the relative
size of the two-photon step is a/2, which explains why
noise blockade is not seen with usual environment imped-
ance yielding values of a ~ 1073, However, when consid-
ering the proposed primary shot noise thermometry [27],
even such low values of a cause a systematic correction
that should be considered to reach metrological accuracy.
Last, the data shown in the to left panels of Fig. 3 were taken
for the maximum value of vy, = 6 GHz. Applying a flux
through the SQUIDs induces a stronger blockade due to
the increased Josephson inductance. As shown on the right
panel of Fig. 3, the higher impedance of sample 2 allows
observing even three-photon processes when the resonant
frequency is set at 4 GHz (the lower end of our detection
bandwidth), yielding Z = 2.25 kQ and a 30% reduction
of the zero-bias conductance.

In conclusion, we have developed an original
electromagnetic environment, allowing us to reach an
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unprecedented coupling between a quantum conductor and
a single mode environment. We took advantage of this to
demonstrate the Coulomb blockade of the finite frequency
noise of a tunnel junction. Two- and three-photon processes
are identified, in agreement with an extension to the theory
of dynamical Coulomb blockade. The experimental meth-
ods developed here can be readily applied to quantum
conductors of arbitrary transmissions, for which a complete
description of quantum transport in the presence of an
electromagnetic environment is still missing. Noticeably,
they allow us to probe the Coulomb blockade of shot noise
in quantum point contacts [28-33], where DCB was
recently demonstrated to bear a deep connection to the
physics of impurities in Luttinger liquids [34], or quantum
dots, where the interplay between resonant tunneling
through the dot and the coupling to the environment was
mapped to the physics of Majorana fermions [35].
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