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We report the observation of two fundamental subgap transport processes through a quantum dot (QD)
with a superconducting contact. The device consists of a carbon nanotube contacted by a Nb super-
conducting and a normal metal contact. First, we find a single resonance with position, shape, and
amplitude consistent with the theoretically predicted resonant Andreev tunneling (AT) through a single QD
level. Second, we observe a series of discrete replicas of resonant AT at a separation of ~145 ueV, with a
gate, bias, and temperature dependence characteristic for boson-assisted, inelastic AT, in which energy is
exchanged between a bosonic bath and the electrons. The magnetic field dependence of the replica’s
amplitudes and energies suggest that two different bosons couple to the tunnel process.
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Electron transport in nanostructures with superconduct-
ing (S) and normal metal (N) contacts have attracted
considerable attention recently, because of the discovery
of new transport processes and exotic quantum mechanical
states of matter. While S contacts have been used in bias
spectroscopy for many years, transport in nanostructures at
energies below the superconductor’s energy gap became
relevant only recently, for example, in the search for solid-
state versions of Majorana fermions [1], Cooper pair
splitting [2-5], or the study of Andreev bound states
(ABSs) [6-9].

The most fundamental low-energy transport process
between an N and an S reservoir is Andreev reflection,
in which an electron from N can only enter S by forming a
Cooper pair with a second electron of opposite spin and
momentum (for a standard s-wave superconductor). This
process is slightly more complicated if the two reservoirs
are connected by a quantum dot (QD), in which the
charging energy suppresses a double occupation. The
resulting resonant Andreev tunneling (resonant AT) is
illustrated in Fig. 1(a) as an intuitive sequential tunneling
process. At zero bias the two electrons forming a Cooper
pair tunnel through the QD at the same energy, which leads
to a peak in the differential conductance G. At a finite bias,
resonant AT is allowed only for electrons with energies
aligned to the electrochemical potential ug of S, i.e., only if
the QD resonance (ugp) is aligned to ug; see Fig. 1(a).
Resonant AT can be identified by the distinctive resonance
line shape with a sharper decay than when tunneling into a
normal reservoir [10-12].

An additional transport process is boson-assisted tunnel-
ing, in which bosons from the environment are absorbed or
emitted in an inelastic tunneling process. This mechanism
leads to replicas of the elastic tunnel process at higher
energies. For example, in carbon nanotubes (CNTs) with
normal metal contacts, phonons can result in additional
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resonances [13] and even in the suppression of the current
for strong electron-phonon couplings (Franck-Condon
blockade) [14]. Also, the electromagnetic environment
can provide energy for photon-assisted processes, resulting
in discrete QD resonance side bands [15,16]. Phonon [17]
and photon [18] induced discrete replicas of elastic AT were
predicted recently for QDs with an S contact. Such inelastic
AT is illustrated in Fig. 1(b): a Cooper pair can only be
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FIG. 1 (color online). (a) Schematic of resonant AT. Two
electrons tunnel through the QD into S for ugp = us and
UN > pop- (b) Schematic of inelastic AT. Two electrons tunnel
through the QD into S at ugp = g + (n/2)hwy, for uy > pgp by
emitting multiples of the energy Ay, to the environment. (c) SEM
image of a representative device and schematic of the measure-
ment setup. (d) Differential conductance of QD1 as function of
Vsp and Vpg. (e) Detailed conductance map of the region
indicated in (d). The resonant and inelastic AT lines are labeled
R and IE, respectively. The dotted lines point out the Coulomb
blockade diamond edges and ABS an Andreev bound
state.
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formed by two electrons of opposite energy with respect to
the chemical potential of S, ug. If the QD level is aligned at
a positive energy, both electrons traverse the QD at the
same energy, and, to form a Cooper pair, one relaxes the
energy Awmy, to the environment with a bosonic excitation
spectrum. As is evident from Fig. 1(c) this condition is met
at pop — ps = (n/2)hwp(n € N), in contrast to twice this
value in boson-assisted processes in devices with normal
contacts. Neither resonant nor inelastic AT have been
observed in QDs before, probably because both require
the QD resonance width to be much smaller than the
superconducting energy gap, A.

Here we use a CNT quantum dot contacted by a
superconducting Nb and a normal metal contact to inves-
tigate a discrete subgap resonance fully consistent with
resonant AT. In addition, the resonance has multiple, very
sharp replicas due to inelastic boson-assisted AT. Nb shows
a large energy gap in CNT devices [9,19], in our case up to
1.2 meV, which allows us to perform bias spectroscopy in
the regime of the QD lifetime broadening being consid-
erably smaller than A, which is crucial to identify these
processes.

Figure 1(c) shows a false color scanning electron
microscopy (SEM) image, including a schematic of the
measurement setup. The CNTs were grown by chemical
vapor deposition (CVD) on a Si**/SiO, substrate used as a
back gate. Subsequently, the surface is treated by an
rf-induced hydrogen plasma, similar to Refs. [9,20]. In
this process about 30% of the CNTs are etched away, which
probably serves as a selection process for defect-free clean
CNTs. On a suitable CNT we fabricate a central ~200 nm
wide and ~2 mm long Ti/Nb (3 nm/40 nm) contact (S)
and two normal metal Ti/Au (5/65 nm) contacts (N) on
either side of S at a distance of ~300 nm, in a Cooper pair
splitter geometry [5] with side gates (SGs) for individual
electrical tuning of the two CNT sides. Between the
contacts two separate QDs form, but no signals could be
found that depend on both QDs [21]. Here we focus solely
on experiments on QD1. The experiments were carried out
in a dilution refrigerator at a base temperature of ~110 mK.
In Fig. 1(d) the differential conductance G through QD] is
plotted as a function of the back gate voltage, Vg, and the
bias applied to S, Vgp. We find very clear Coulomb
blockade (CB) diamonds with an addition energy of
~6.6 meV, a level spacing of ~1.2 meV, and a well-
defined superconducting gap of ~1.2 meV, which sepa-
rates the CB diamonds in a characteristic way due to the
gap in the single-particle density of states in the S contact
[21]. This gap is reduced monotonically with a magnetic
field B applied perpendicular to the CNT and the substrate
and vanishes at B ~ 1.5 T [21]. Figure 1(e) shows G plotted
in the region indicated by the rectangle in Fig. 1(d). Here
we find up to 7 weak but very sharp parallel resonance lines
with the same positive slope as the CB diamonds. Similar
features appear in all other CB diamonds [21], independent

of the QD charge state. The average spacing between the
lines is ~145 430 peV, with some resonances showing
significant deviations from this value. Only one of these
parallel lines (R) crosses the entire transport gap, while the
other lines (IE) end at a finite subgap bias. Pronounced
negative differential conductance (NDC) values occur
between the conductance maxima. An additional structure
arises due to an Andreev bound state [labeled ABS in
Fig. 1(e)], which leads to some amplitude modulation, but
will not be discussed in more detail here. Line R we
identify with resonant AT. To demonstrate this, we compare
the line shape of the zero-bias CB resonance measured in
the normal state at B =5 T shown in Fig. 2(a) to the
resonance at zero field, i.e., in the superconducting phase of
S, which is plotted in Fig. 2(b). For the following fits we
added an identical background determined by the data
points far off resonance (not shown). In the normal state we
expect a Breit-Wigner (BW) line shape due to lifetime
broadening, which is described by G(AVpg) =
(e2/h)[[\ T/ (AE? +T2/4)], with T =T, +T, and the

QD level detuning AE = —ea(AVpg — V](goé), where «a is

the lever arm of the back gate to the QD and Vl(go(); the
position of the resonance. This expression fits the observed
line shape in Fig. 2(a) very well (blue curve) for the tunnel
coupling parameters I';y #9.0 and I, ® 96.5 peV. As a
comparison, we also plot the best fit using the expression
for thermally broadened resonances (dotted green line),
G = (e*/h)(1/4kgT)(T'\T,/T)cosh—2(AE/2kT), which
does not describe the data well. For resonant AT in the
limit of noninteracting electrons the expected line shape is
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FIG. 2 (color online). Resonance line shapes: G as function of
Vg (points) at zero bias (a) in the normal state at B =15 T and
(b) at zero field in the superconducting state. The blue, red, and
dotted green lines are best fits to the data using the expressions for
a Breit-Wigner (BW), resonant AT, and a thermally broadened
QD resonance, respectively.
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G = (2¢*/h)[2I' [,/ (4AE? + T3 +15)]? [10,12], which
also deviates strongly from the data. In contrast, the
resonance at zero magnetic field plotted in Fig. 2(b) is
described best by the expression for resonant AT: the
measured conductance values decay faster away from the
maximum than in the normal state. The extracted values for
the tunnel coupling using the BW expression are a factor of
3—7 smaller than in the normal state, while the values
extracted from the resonant AT expression, I'| ~ 8.4 ueV
and I', ~ 66.5 ueV, are very similar to the ones in the
normal state. We find similar values also in gate sweeps at a
small bias [21]. From the line shapes and the observation
that this resonance occurs when the QD level is aligned to
the electrochemical potential of S, we conclude that
resonance R running through the full energy gap of the
superconductor is due to resonant AT.

The replicas (IE) parallel to the resonant AT line (R)
found in Fig. 1(e) we attribute to the emission and
absorption of energy from or into a bosonic reservoir in
an inelastic Andreev tunneling process. The bias condition
for this process [see Fig. 1(b)] is us < pgp < pun [17,21],
which results in the lines ending at a finite subgap bias, as
observed in Fig. 1(e). Following the predictions of Ref. [17]
for phonons, Fig. 3 shows a series of back gate sweeps
obtained at different temperatures. The zero-bias curves in
Fig. 3(a) are symmetric with respect to the central resonant
AT peak indicated by the black arrow. The amplitude of this
peak is reduced considerably with increasing temperature,
while the width increases because of side peaks (red
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FIG. 3 (color online). Temperature dependence of resonant and
inelastic AT. Differential conductance G as function of Vpg at
(@) Vop =0 and (b) Vgp = —0.5 mV for the three indicated
temperatures. The black arrow points out the resonant AT line, the
red arrows the boson-absorbing and the blue arrows the boson-
emitting resonances [21]. The inset in Fig. (a) shows the peak
amplitudes of the features indicated in the main figure.

arrows) emerging as weak shoulders between 0.5 and
1 K. The amplitudes of the indicated features are plotted
in the inset of Fig. 3(a) for the three temperatures, which
shows that resonant AT is reduced with increasing temper-
ature (~1/kgT) due to the thermal broadening of the Fermi
functions in the normal metal contact. In contrast, the
absorption side peaks increase in amplitude at higher
temperatures due to the thermal population of the boson
states [28], in good qualitative agreement with the pre-
dictions for phonon-assisted AT [17,29].

Back gate sweeps at the bias Vqp = —0.5 mV are plotted
in Fig. 3(b) for the same temperatures, which again shows
the reduction of the resonant AT amplitude (black arrow)
and the onset of boson-assisted inelastic AT at more
negative gate voltages (red arrows). At more positive
voltages, i.e., pg < pgp, resonances occur with slightly
decreasing amplitudes and essentially constant widths (blue
arrows) [21]. In addition, we observe pronounced negative
differential conductance (NDC) between the peaks. All
these findings are in very good qualitative agreement with
inelastic AT in which the excess energy of the tunneling
electrons is emitted into a bosonic bath [17]. In particular,
the resonance width in this process is mainly determined by
the tunnel couplings, which we do not expect to change
greatly with temperature. NDC is also expected, since the
resonance condition is determined by the QD level position
and not by the Fermi energy of the normal metal lead,
which leads to peaks in the current and a peak-dip structure
in the differential conductance.

We now investigate the resonant and inelastic AT as a
function of an external magnetic field B applied
perpendicular to the substrate plane. Figure 4(a) shows
G as a function of Vgp and B at the back gate voltage at
which the elastic AT resonance (R) crosses Vqp = 0. We
find that the energy gap detected by the QD shrinks
monotonically up to ~0.3 T and is then roughly constant
up to ~1 T and disappears around 1.5 T [21]. Here we
focus only on the subgap features: the resonant AT line R is
essentially unaffected at fields below B ~ 0.7 T and splits
at higher fields due to Zeeman shifts of the resonances.
These do not affect the following analysis since we extract
all values directly from Coulomb diamond experiments
[21]. We can visualize the transition from resonant AT to a
Breit-Wigner characteristics with increasing field by plot-
ting the extracted tunnel parameter, I' =1} +1,, as a
function of B, which is shown in Fig. 4(b). We assume that
the tunnel couplings stay roughly constant with increasing
B [21]. While up to B ~ 1 T the expression for resonant AT
reproduces nicely the large-field values of the BW fit (light
red band), it overestimates the coupling by more than a
factor of 2 at high fields. At intermediate fields between 1
and 3 T both line shapes deviate considerably from the
expected values, which suggests that normal electron
tunneling and AT coexist at fields where the visible
transport gap is reduced to zero.
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FIG. 4 (color online). Magnetic field dependence of resonant
and inelastic AT. (a) G as a function of the bias Vgp and the
external magnetic field B at a fixed back gate voltage where the
resonance R crosses Vgp = 0. (b) Tunnel coupling I' =T + 1T,
of resonance R extracted from the resonant AT and the Breit-
Wigner expressions as a function of B. The fits are obtained from
color scale images at the same relative position [21]. (c) Energy
and (d) amplitude of the inelastic AT peaks (IE) as a function of
B. The resonances are labeled in (c) for increasing energy.

Figures 4(c) and 4(d) show the magnetic field depend-
ence of the position (energy) and the peak amplitude of the
inelastic AT lines, respectively, extracted from CB spec-
troscopy [21]. We plot the position of the conductance
maxima relative to the resonance R at negative and positive
bias up to 1 T and label the lowest resonances in energy in
Fig. 4(c). While the energy of resonance IEI is essentially
constant in this field interval, the positions of IE2, IE3, and
IE4 are all reduced and scale similarly with increasing field,
but not linearly with the energy gap [21]. For the latter
resonances the spacing stays roughly constant. Even more
pronounced is the difference in the field dependence of the
resonance amplitudes, plotted in Fig. 4(d): the amplitude of
IE1 is independent of B within experimental error, but
the amplitudes of IE2 and IE3 decay continuously on the
scale of 1 T.

Inelastic AT is mediated by the absorption or emission of
bosons. In our system, three types of bosons might
be responsible for these subgap processes: (i) phonons,
e.g., mechanical oscillations in the CNT [17], where the
longitudinal acoustic modes in the doubly clamped
CNT, or the CNT squash mode [30] can yield quantized
energies of the observed energy scale. (ii) Plasma modes in
the millimeter scale superconducting contact [31].
(iii) Photons, i.e., electromagnetic modes of the resonator
formed by the inductance and capacitance of the S contact,
which are damped by Ohmic dissipation in normal metals.
Phonons naturally account for the temperature dependence

of the inelastic AT lines, but it is not straightforward to
explain a magnetic field dependence. Photons account, at
least qualitatively, for the field and temperature depend-
ence, since the kinetic inductance Ly of S diverges with
decreasing energy gap, which results in a reduced reso-
nance frequency « (L, C)~'/? (C is the capacitance to the
back gate) [32]. The fact that we find qualitatively different
magnetic field characteristics for the lowest energy inelastic
AT peak compared to the resonances at higher energies
might indicate that two different bosonic baths are coupled
to our QD.

In summary, the large superconducting transport gap
found in our Nb-contacted CNT QDs and the sharp QD
resonances allow us to identify resonant (elastic) and
inelastic Andreev tunneling in a QD-superconductor struc-
ture. In addition, we also demonstrate the impact of the
energy gap on the CB diamond structure. The temperature
dependence of the inelastic replicas of resonant AT is
consistent with bosonic excitations that open additional
transport channels. However, from our experiments the
nature of the bosons is difficult to assess. The magnetic
field dependence might even hint at the possibility of two
different bosonic systems coupling to the QD. Our experi-
ments demonstrate that, in contrast to normal metal
systems, such excitations can become the dominant trans-
port mechanisms in S-QD systems, while a smearing of the
discrete resonances is a possible origin of the heavily
discussed “soft gaps” [33] in large-gap superconductor
nanostructures. In addition, the coupling to bosonic reser-
voirs is also expected to result in replicas of other subgap
features, for example, ABSs [34]. Similar devices with
engineered bosonic environments could shed more light on
the nature of the observed processes and lead to hybrid
quantum systems with a controlled coupling to the super-
conductor. For example, novel techniques allow the fab-
rication of suspended CNTs with superconducting and
other contact materials [35], which should give access to
well-controlled CNT phonons [36]. Using the same tech-
nique, a radio-frequency cavity can be coupled to the CNT
QD, which results in a well-controlled electromagnetic
environment with discrete modes [37].
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