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Collapse of the Josephson Emission in a Carbon Nanotube Junction in the Kondo Regime
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We probe the high frequency emission of a carbon nanotube based Josephson junction and compare it to
its dc Josephson current. The ac emission is probed by coupling the carbon nanotube to an on-chip detector
(a superconductor-insulator-superconductor junction), via a coplanar waveguide resonator. The measure-
ment of the photoassisted current of the detector gives direct access to the signal emitted by the carbon
nanotube. We focus on the gate regions that exhibit Kondo features in the normal state and demonstrate that
when the dc supercurrent is enhanced by the Kondo effect, the ac Josephson effect is strongly reduced. This
result is compared to numerical renormalization group theory and is attributed to a transition between the
singlet ground state and the doublet excited state which is enabled only when the junction is driven out-of-

equilibrium by a voltage bias.
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The ac Josephson effect [1] is the phenomenon by which a
superconducting weak link with a bias voltage V generates
an oscillating current at frequency v; = 2 eV/h. It has been
used to explore the Andreev bound states (ABS) spectrum,
which determines the supercurrent carried by the junction.
For instance, its measurement points toward the topo-
logically protected crossing of ABS in HgTe [2,3], InAs
nanowires [4], and Dirac semimetals [5]. However, when
probing the ac Josephson effect, due to the applied voltage
bias and the resulting time evolution of the superconducting
phase, the junction is driven out-of-equilibrium. This
changes the occupation of the Andreev levels and the
dynamics of the quasiparticles (QP) in the system [6,7]
and can lead to new physical effects not accessible at
equilibrium.

In the present Letter, we explore this out-of-equilibrium
situation in a Josephson junction based on a carbon
nanotube (CNT) quantum dot (QD) in the Kondo regime.
In such a junction, without Kondo effect, electron-electron
interaction results in Coulomb blockade, which gives rise
to a doublet spin 1/2 state if there is an odd number of
electrons on the dot. In this doublet state, the Cooper pairs
pass through the QD thanks to sequential cotunneling
processes that involve a spin flip. This manifests as a
reduced critical current and a z shift of the current-phase
relation [8—11], called # junction. However, due to the
coupling to the reservoirs and local interactions, Kondo
correlations can develop. The Kondo effect is a many-body
interaction between a localized impurity spin and free
conduction electrons leading to the screening of the
impurity spin [12—-14]. By enhancing cotunneling proc-
esses, a Kondo resonant state arises that is able to overcome
the Coulomb blockade by opening a perfectly transmitted
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channel through the quantum dot when connected to
normal reservoirs. For superconducting reservoirs, if the
Kondo temperature is larger than the superconducting gap
(kgTx > A), the Kondo effect and the superconductivity
cooperate and enhance the dc Josephson effect by restoring
the spin O singlet state (O-junction behavior).

This singlet to doublet transition in QDs has attracted a
large theoretical interest (see the recent review [15]).
Experimentally, it is now well established that it can be
driven by the gate voltage [11,16], the magnetic field [17],
and the superconducting phase [18,19]. Here, we explore
this transition by using the measurement of the Josephson
emission as a probe of the state of the junction and find a
range of parameters where this transition is forbidden at
equilibrium but enabled when the junction is driven out-of-
equilibrium by a voltage bias.

The Josephson emission of the CNT-based Josephson
junction is probed using an on-chip detection scheme. In
the gate regions that exhibit Kondo features in the normal
state, the supercurrent is found to be enhanced by the
Kondo effect, whereas the Josephson emission is found to
be strongly reduced such that the ac emission is not
proportional to the dc supercurrent, as it could be naively
expected from the Josephson relations. This striking result
strongly suggests a dynamical change in the state of the
junction, from singlet to doublet, induced by the phase
evolution of the junction and the quasiparticle dynamics in
the QD.

The CNT Josephson junction is coupled to an on-chip
detector, a superconductor-insulator-superconductor (SIS)
junction [20-22], via a coplanar waveguide resonator
[Fig. 1(a)]. The CNTs are grown by chemical vapor depo-
sition on an oxidized undoped silicon substrate [23]. The
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FIG. 1. Sample and normal state characterization. (a) The CNT
Josephson junction is coupled to a SIS junction via a coplanar
waveguide resonator. (b) Differential conductance dI/dVp, as a
function of source-drain (SD) bias voltage Vgp and gate voltage
V¢ for Kondo ridges A and B and zone C. dI/dVgp, curves taken
at gate voltages 14, 17.5, and 21.5 V are shown on top of the color
plot (red curves). (¢c) Conductance at Vg = 0 of Kondo ridges A
and B, and for zone C.

contacts to the tube, the detector, and the resonant
circuit are made using electron beam lithography
and metal deposition. The contacts are 400 nm apart
and made of Pd(7 nm)/Al(100 nm) (A =50 ueV) or
Pd(80 nm)/Nb(11 nm)/Al(50 nm) (A = 150 peV). Pd
provides good contact to the CNTs, however, reduces A
compared to bare Al or Nb. Superconductivity in the Pd/Al
contact is suppressed by a low magnetic field of 0.1 T, without
affecting the normal state of the CNT, allowing a good
determination of the parameters of the dots. However, for the
Pd/Nb/Al contacts, the needed magnetic field is at least 1 T,
thus, preventing a reliable extraction of all the dot parameters.
The sample is cooled down in a dilution refrigerator of base
temperature 50 mK and measured through low-pass filtered
lines. The differential conductance is probed with a lock-in
technique.

When biased by a voltage Vgp, the CNT emits photons at
the Josephson frequency v; = 2eVgp/h. The SIS detector
absorbs those photons, inducing a photoassisted tunneling
(PAT) current Ippt. The resonant coupling circuit between
detector and CNT transmits only at the resonance frequen-
cies, designed to be vy = 12.5 GHz and odd harmonics.
The Ippt current through the detector, biased at V, such
that 2A — hv < V|, < 2A, is proportional to the amplitude
of the ac Josephson emission /%, following the relation [22]

M (2vep)? 4

|Z,(2 eVSD/h)|212p(VD +2Vsp),

(1)

with 19, (V ), the IV characteristic of the detector without
irradiation and Z,(v), the impedance of the resonant circuit
at frequency v. Ipar is obtained experimentally as the dc
current in the SIS detector, and allows us to extract /% using
Eq. (1) (see Supplemental Material [24]).

The CNT with Pd/Al contacts is characterized first in the
normal state. The differential conductance dI/dVgp of the
CNT is measured as a function of the bias voltage (Vgp)
and the gate voltage (V) [see Fig 1(b)]. The stability
diagram of the QD exhibits Coulomb blockade diamonds
with the fourfold degeneracy found for clean CNT QDs. In
the diamonds with odd number of electrons, the Kondo
effect manifests through a high conductance region at zero
bias, the Kondo ridge. We focus on two Kondo ridges A
and B, with filling N =1 and N = 3, respectively. In
Figs. 1(b)-1(c), we also show another gate region, called,
hereafter, region C, with a conductance close to the
conductance quantum but without Kondo features. We
consider, as well, a similar Kondo ridge in the sample with
Pd/Nb/Al contacts, that we call region D [24]. The
different parameters of the QD (see Table I), described
with the single impurity Anderson model, are extracted for
the Kondo ridges A and B. The charging energy U is
deduced from the size of the Coulomb diamond, the
asymmetry a = I'; /T'; of the contact from the value of
the zero-bias conductance at the particle-hole symmetry
point, and the coupling to the reservoirs I' = I'; 4 I'; from
the gate dependence of the Kondo temperature 7'x [24].

Now, we turn to the superconducting regime where a
supercurrent can flow through the junction. The differential
resistance dVgp/dI is measured as a function of the bias
current [ and V; [Fig. 2(a)]. We use the resistively and
capacitively shunted junction (RCSJ) model [10,44,45] to
model the electromagnetic environment of the junction and
account for a dissipative Josephson branch [24]. From this
model, we extract the value of the critical current /. and the
resistance of the junction R; [Figs. 2(b)-2(d)]. The three
regions A, B, and C exhibit a gate modulated critical
current and resistance R;. 1/R; behaves quite similarly to
the measured conductance in the superconducting regime

TABLE 1. Parameters of the CNT QD in the three Kondo
regions considered in this Letter. Because of the high critical field
of the Pd/Nb/ Al contacts, the Kondo region D could not be fully
characterized.

Tg(K) U (meV) T (meV) a A (meV)
Kondo A 1.1 3.9 0.62 33 0.05
Kondo B 1.7 4 0.75 2.5 0.05
Kondo D > A 2 0.15
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FIG.2. dcJosephson effect. (a) Differential resistance dVp,/dI
of the CNT Josephson junction as a function of the bias current /
and V; for Kondo ridge A. (b) Differential conductance dI/dVgp
of the CNT Josephson junction as a function of Vgp and V4 for
Kondo ridge A. (c)—(e) Gate dependence for regions A, B, and C
of the critical current /- (blue curve) and the inverse of the
resistance R; (square dots) extracted from the RCSJ model (see
text and [24]). Gy = dI/dVgp at zero bias is plotted as the
red line.

Gy. The fact that the critical current in the Kondo regions A
and B remains relatively large is a good indicator that the
QD stays in the singlet state, leading to a O-junction
behavior. This is expected from the ratio kzTx/A and
the asymmetry [46,47]. The same qualitative behavior is
seen on sample with Pd/Nb/Al contacts, where the
Josephson branch is less dissipative and allows direct
extraction of /., without using the RCSJ model [24].

We have performed numerical renormalization group
(NRG) calculations [48,49] of the energy spectrum and
supercurrent [Figs. 4(a)-4(c)] using the parameters deter-
mined in the normal state (Table I). They confirm that the
ground state of the system for regions A and B is always the
singlet state. This leads to a supercurrent in the nanoampere
range, consistent with the experiment, with the phase
behavior of a 0 junction.

To measure the Josephson emission, we voltage bias the
detector such that 2A — hyy < |Vp| < 2A and measure
simultaneously dI/dVg [Fig. 2(b)] and the PAT current
[Fig. 3(a)] as a function of V; and Vgp. In Fig. 2(b), the
conductance of the sample shows the onset of QP tunneling
at Vgp = £0.1 mV, corresponding to A = 50 ueV. There
is a strong increase of conductance at zero bias due to the
supercurrent branch. Below the superconducting gap, finite
conductance features are related to multiple Andreev
reflection (MAR) processes.

In Fig. 3(a), the PAT current reveals that the emission of
the CNT junction has two contributions. One is the ac
Josephson effect of the junction, at the Josephson fre-
quency v; =2 eVgp/h. The second contribution is
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FIG. 3. Josephson emission. (a) PAT current in the detector as a
function of Vgp and Vs for zone A. (b)—(d) Comparison of the
critical current /- and the ac critical current I for zones A, B,
and C. (e) Same comparison for the sample with Pd/Nb/Al
contact and two resonator modes (vy = 11 and v; = 31 GHz).
The curve for the critical current has to be multiplied by 10.

broadband and associated to MAR processes and QP
tunneling. In the PAT response, we do not detect any
signature of harmonics in the ac Josephson effect (expected
at voltage Vgp = hv;/2ne for the nth harmonics).
Consequently, we separate the two processes by attributing
the peak at v; to the ac Josephson effect and the remaining
baseline to the broadband contribution (see Fig. 4 of [24]).
In Figs. 3(b)-3(e), the amplitude of the dynamical critical
current /¥ is plotted, extracted using formula (1) from the
peak at Vg = hv/(2e) in the PAT current. In the reference
region C, where there is neither Coulomb blockade nor
Kondo effect, this dynamical critical current follows the dc
critical current /.. By contrast, close to the center of the
Kondo regions A, B, and D, there is a strong reduction of
I, in aregion where the critical current /¢ is enhanced due
to the Kondo correlations [Figs. 3(b)-3(e)]. In region D,
this effect could be observed, as well, at the 31 GHz mode
of the resonator, and is even enhanced compared to the
fundamental frequency [Fig. 3(e)]. This collapse of the ac
Josephson emission, enhanced as the Josephson frequency
increases and specific to the Kondo regions, is the central
result of this work.

Now, we turn to possible explanations for the reduction
of the ac Josephson effect in the Kondo regime. One may
think about the decoherence of the Kondo effect due to
voltage induced spin relaxation [50-54], or dynamical
effects similar to the high-frequency cutoff for the
emission of a quantum dot in the normal state [21].
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FIG. 4. (a) NRG many-body spectrum as a function of the
superconducting phase ¢ at the particle-hole symmetry point for
the Kondo ridge A. The ground state is singlet (S), the first
excited state a doublet (D, red curve), and the second excited state
a singlet (ES, green curve). The arrow illustrates the Landau-
Zener process, where the system tunnels from S to ES.
(b) Iustration of two QP-assisted processes to excite the doublet
state (D), associated with energy exchange with the environment.
(c) Calculated amplitude of the first harmonics of the current
phase relation for zone A in the singlet and doublet state.
(d) Comparison between the data for Kondo ridge A (blue
circles) and the calculated amplitude of the ac supercurrent /¥
introducing a finite probability Pj for the system to be in the
doublet state using incoherent (black solid line) and coherent (red
dashed line) scenarios (see text) (e) Pp in the incoherent (black
solid line) and coherent (red dashed line) regimes.

However, because eVgp /kgTx < 1, hv;/kgTg < 1 and the
asymmetry of the coupling to the contacts, these effects
shall remain small.

Another possible process is Landau-Zener (LZ) tunneling,
that induces a transition to excited levels with a probability
which increases when the phase velocity (and thus, the
Josephson frequency) is high. This is what happens for a
quantum channel junction with high transparency ([24,55])
and involves transitions between singlet states, due to parity
constraints [56]. However, for the quantum dot, the energy of
the excited singlet state is rather close to A [see Fig. 4(a)].
The probability Py of this transition, while not completely
negligible (P;y = 0.43), depends little on V; [24]. This
would not account for the suppression of the ac Josephson
emission observed in Fig. 3.

The collapse of the Josephson emission is more likely
related to transitions from the ground state singlet to the
doublet state. This is made possible by the tunneling of QP
in the QD thanks to energy exchange with the environment,
also called QP poisoning [see Fig. 4(b)]. First, we consider
the situation where no bias voltage is applied, and find that
the probability Pp for the QD to be in the doublet state is

small in a dc current configuration with a current bias
varying in the kilohertz range ([24,57]). This explains why
the measurement of the dc critical current, which happens
at the maximum of the supercurrent around ¢ = /2, is
consistent with a O-junction and a singlet ground state.

The situation can be quite different when one measures
the ac emission. The theory for QD in this regime is not
available, except for particular limits [S8—60], and we give
the following qualitative arguments. Because of the applied
bias needed to have Josephson emission, the QP injection
rate I, increases significantly compared to equilibrium.
Moreover, close to the particle-hole symmetry point, the
doublet state is detached from the continuum with a
relatively large gap A, This keeps the escape rate of
QPs relatively low, while the injection rate is increased,
such that the probability for the QD to be in the doublet
state is expected to be higher in a voltage biased situation.
This leads to a decrease of IS, since the critical current of
the doublet state is lower than the one of the singlet ground
state. Despite a higher gap value, the samples with
Pd/Nb/Al contacts exhibit the same phenomenon
[Fig. 3(e)]. This can be related to the existence of a soft
gap for these samples, inducing a small but finite QP
density at energy below the gap.

Moving away from the electron-hole symmetry point,
Aone 18 reduced significantly (Fig. 11 of [24]), which
increases the probability for a QP present on the dot to
escape thanks to Demkov Osherov tunneling processes
between the doublet state and the continuum
([24,42,61,62]. Concurrently, the minimum value of energy
of the doublet state, at ¢ = 7, increases, which reduces the
rate of QP injection into the QD. Thus, these two effects
restore a high probability for the QD to be in the singlet
ground state and increases its effective supercurrent. That is
what is measured in the experiment.

From the amplitude of the ac emission, it is possible to
extract Pp assuming that the dynamical Josephson current
is given by IS = PpJp + (1 = Pp)Jg, where Jg is the
amplitude of the critical current in the singlet state and Jp,
the one in the doublet state [Fig. 4(c)]. In an incoherent
scenario, where the QP dynamics is not correlated with the
phase evolution of the junction, only the absolute value of
the amplitude of the singlet and doublet supercurrent is
taken into account. With a probability one to be in the
doublet state close to the particle-hole symmetry point,
one can qualitatively reproduce the reduction of the
supercurrent [Figs. 4(d) and 4(e)]. Oppositely, in a
coherent scenario, where the QP dynamics is correlated
with the phase evolution of the junction, the sign of the
supercurrent (positive for the singlet and negative for the
doublet) has to be considered. This leads to a quantitative
agreement with the data [Figs. 4(d) and 4(e)], with a finite
probability of being in the doublet state, but puts a strong
constraint on the model used to describe the dynamics of
the junction.
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To conclude, we have explored the singlet to doublet
transition of an out-of-equilibrium CNT Josephson junction
by probing its Josephson emission. It is strikingly reduced
in the gate regions where the critical current is enhanced
due to the interplay of the Kondo effect and the super-
conducting proximity effect. We interpret this result as a
transition between a singlet ground state and a doublet
excited state induced by the dynamics of quasiparticles in
the QD. Thus, this demonstrates the importance of taking
into account electron-electron interactions and nonequili-
brium processes to understand the dynamics of QD
Josephson junctions.
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