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The magnetic moment of a quantum dot can be screened by its coupling to a superconducting
reservoir, depending on the hierarchy of the superconducting gap and the relevant Kondo scale.
This screening-unscreening transition can be driven by electrostatic gating, tunnel coupling, and,
as we demonstrate here, magnetic field. We perform high-resolution spectroscopy of subgap exci-
tations near the screening-unscreening transition of asymmetric superconductor - quantum dot -
superconductor (S–QD–S) junctions formed by the electromigration technique. Our measurements
reveal a re-entrant phase boundary determined by the competition between Zeeman energy and gap
reduction with magnetic field. We further track the evolution of the phase transition with increasing
temperature, which is also evidenced by thermal replicas of subgap states.

The junction between a superconductor and a quan-
tum dot displays discrete subgap energy levels called
Andreev bound states (ABS) or, more specifically, Yu-
Shiba-Rusinov (YSR) states when the highest occupied
level hosts a single spin [1–3]. When the antiferromag-
netic exchange interaction between this spin and the
leads prevails over the superconducting gap ∆, the lo-
calized spin is effectively Kondo screened, and a quasi-
particle is bound at the interface. In contrast, if the
exchange coupling is weaker, the superconducting con-
densate is marginally perturbed and the spin remains un-
screened. The change between these two distinct ground
states occurs via a sharp level crossing, which consti-
tutes a simple realization of a quantum phase transition.
In recent years, detailed investigations of this screening-
unscreening transition have been performed, using as a
control knob the variation of the level depth [4–11], the
superconducting phase difference [12] or the tunnel cou-
pling, which effectively modifies the exchange coupling
strength [13–16]. The variation of an external magnetic
field may provide an additional parameter with twofold
consequences: increasing the magnetic field suppresses
superconducting correlations (hence favoring a screened
state), while the Zeeman effect enhances polarization to-
wards one of the magnetic YSR states [9, 10, 17, 18].
Thus, the two effects associated to a magnetic field lead
to a shifting of level crossing in opposite directions.

Experimentally, it is challenging to explore the effect
of the magnetic field on the screening-unscreening tran-
sition, precisely for the reason that superconductivity is
usually quenched before the quantum phase transition
can be accessed. Hence, the quantum dot systems needs
to be tuned close to the critical point using another con-
trol parameter, here the back gate voltage allowed in our
transistor geometry. Furthermore, the detection of tiny
level shifts between subgap states requires exquisite en-
ergy resolution in the µV range, which can be achieved
only with superconducting leads.

In this Letter, we report on the observation of

the magnetic field-controlled screened-unscreened ground
state transition of a quantum dot strongly coupled to
one superconducting lead. An asymmetrically coupled
superconductor–quantum dot–superconductor (S-QD-S)
device combines the gate tunability of single electron
transistors with the unprecedented spectroscopic reso-
lution of the subgap states. Monitoring the dispersion
of the subgap states allows tracking the transition be-
tween the screened and unscreened spin ground states of
the quantum dot as a function of the bare level of the
dot, temperature, and, most importantly, magnetic field.
We use the Anderson impurity as the main framework
for the modelization of our data. A general phase dia-
gram is drawn, which demonstrates a striking re-entrant
behavior of the phase boundary, due to the previously
mentioned competition between Zeeman splitting and su-
perconducting gap closing. In addition, thermal replicas
of YSR states are found to emerge at finite temperature,
providing an alternative yet consistent picture of the sub-
gap spectrum.

The device fabrication process relies on controlled elec-
tromigration of an on-chip all-metallic aluminum device
presenting a constriction [19]. This technique produces
nanometer sized gaps and was successfully applied for
connecting single molecules [20–23]. Electrostatic gate
control is provided through a local metallic back gate
isolated by a 18 nm thick Zr02 dielectric layer. Using
aluminum as the constriction material, gated S–QD–S
devices can thereby be formed [24–26]. Our quantum
dots are colloidal gold nanoparticles of 5 nm diame-
ter. Electromigration is performed at 4.2 K in cryo-
genic vacuum in a dilution cryostat. A scanning elec-
tron micrograph of an Al constriction after electromigra-
tion (without nanoparticles, for better visibility) is shown
in Fig. 1a. Samples showing stable gate-dependent con-
ductance features are further investigated at tempera-
tures down to T = 80 mK. The differential conductance
G(V, VG) = dI/dV is measured using the lock-in tech-
nique, as a function of bias V and gate voltage VG. We
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FIG. 1. (a) Scanning electron micrograph of a nanoparticle-
covered Al constriction after electromigration. (b) Normal
state dI/dV differential conductance map of device A at a
base temperature of T = 100 mK, for a magnetic field B = 60
mT suppressing superconductivity. (c) Schematics of the S–
QD–S device, introducing the three capacitances and two tun-
nel couplings at play. (d) Experimental gate dependence of
the Kondo energy scale TK , determined from the temperature
dependence of the linear conductance (red squares), as well
as by a rescaling with a dividing factor 2.9 of the FWHM of
the low-bias conductance peak (blue open diamonds).

show here data mostly from one sample, labelled A. Data
from a second and similar sample (B) can be found in the
Supplemental Material file [27].

The normal state differential conductance map (ob-
tained at a magnetic field of 60 mT) is shown in Fig. 1b,
around the only experimentally accessible degeneracy
point at V 0

G ≈ 0.40 V. The Kondo resonance is unaf-
fected by magnetic up to fields of 120 mT (see Supple-
mental Material file, Fig. S4). To the left, the linear con-
ductance is suppressed, owing to a Coulomb-blockaded
state with an even electron occupation number N . As
the gate voltage VG is increased, a zero-bias resonance
indicates the onset of Kondo correlations associated to
the spin-1/2 degeneracy of the oddly occupied N + 1
electron state. The electrical model of the quantum
dot junction is displayed in Fig. 1c. The tunnel cou-
plings to both leads are strongly asymmetric (Γ � γ),
as evidenced by a non-unitary linear conductance limit,
G(T → 0)/(2e2/h) = 4Γγ/(Γ + γ)2 ≈ 0.013 (see Sup-
plemental Material file). This implies notably that the
Kondo resonance builds between the QD and the drain
electrode at experimentally accessible temperatures, the
source contact acting as a tunnel probe, as it is usu-

ally the case for the tip in an STM experiment. The
following values of hybridization Γ = 1.4 meV (imply-
ing γ = 5µeV) and Coulomb repulsion U = 12.6 meV
in the quantum dot are found from fits of the gate-
dependent zero-bias conductance to Numerical Renor-
malization Group (NRG) calculations, see Supplemental
Material. The ratio U/Γ ' 9 shows that the quantum dot
is in the strongly correlated regime, with some deviations
from Kondo scaling.

The full-width at half-maximum (FWHM) of the con-
duction resonance at the Fermi level, as shown in Fig. 1b,
is often taken as an approximate measure of the Kondo
temperature TK , that we note TFW

K (here and later we set
kB = 1, identifying temperature and energy scales). An-
other direct and precise determination of TK is achieved
considering the measured temperature dependence of the
linear conductance G(T ). The latter can be fitted by
NRG calculations, or for a lower computational cost, by
an empirical expression [28, 29], leading to the gate-
dependent Kondo temperature denoted TG

K shown in
Fig. 1d (see also Supplemental Material). We find that
these estimates agree closely within a scaling factor, such
that TG

K = TFW
K /2.9. Therefore, it is seen that the quan-

tum dot junction behaves like a single spin-1/2 Kondo
impurity, with a gate-tunable TK that can be brought
to the same order of magnitude as the superconducting
order parameter of the leads, leading to a standard gate-
control of the screening transition [30, 31].

We now turn to the study of the S–QD–S transis-
tor at zero magnetic field. In presence of supercon-
ductivity in both leads, a transport gap of total width
2(∆+∆probe) ≈ 900µeV opens in the transport map, see
Fig. 2b. The Kondo peak is suppressed and two sharp
symmetric resonances appear at a certain biasing voltage
V so that 0 < |eV | −∆probe < ∆. We take care to dif-
ferentiate the gap ∆ ≈ 245µeV of the strongly coupled
lead, which governs the physical effects at play, from the
gap ∆probe ≈ 205µeV of the weakly coupled electrode,
which offsets essentially the conductance onset thresholds
by ±∆probe. Thermal excitations at 940 mK, which will
be discuss further below, provide unambiguous evidence
of the probe’s gap size (see Fig. 4a)

The presence of the YSR states is reflected by ex-
tremely sharp subgap resonances (Fig. 2a) at |eV | =
|EB | + ∆probe, that is, when the probe’s chemical po-
tential allows for driving the dot to its excited state by
either adding or removing an electron. The transport
mechanisms leading to a d.c. current here are essentially
based on Andreev processes [32]. From the experimen-
tal gate dependence of the bound state spectrum EB ,
the singlet-doublet ground state transition, occurring for
EB = 0, is readily seen to occur near VG = 0.71 V.
Note that owing to the very sharply defined gap edge of
aluminum [25], but also low experimental temperatures
and careful shielding of the experiment, we can achieve a
spectroscopic resolution down to a FWHM of less than 10
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FIG. 2. (a) Differential conductance of device B measured
with a lock-in AC oscillation of 2 µV in the superconduct-
ing state at fixed VG = 0.5 V, displaying very sharply re-
solved YSR resonances, with a FWHM = 9 µV (see inset).
(b) Gate-dependent differential conductance of device A in
the superconducting state at a base temperature of T = 80
mK, revealing the dispersion of the YSR states. The mini-
mal spacing of the two resonances, given by a voltage span
2∆probe/e with ∆probe = 205 µeV, is associated to the quan-
tum ground state transition, occurring at VG = 0.71 V. (c)
Extracted bound state energy EB versus gate VG and dimen-
sionless theoretical Kondo temperature T th

K /∆, in comparison
to theoretical predictions (lines). The dashed vertical line in-
dicates the ground state transition, found at T th

K /∆ ≈ 0.26.
(d) Evolution of the conductance peak intensities with VG,
showing a kink at the transition, consistent with a sharp un-
screening transition.

µeV (Fig. 2a), way below previously reported line widths
[13, 33–35]. The latter have indeed been discussed as
a lifetime limiting factor in possible subgap state-based
qubits [6, 36].

Combining our knowledge of the superconducting and
normal state properties, we can now plot the bound
state dispersion EB as a function of gate voltage VG,
which we express as a function of the dimensionless ratio
TG
K/∆ (Fig. 2c). We find the transition to the unscreened

ground state for the critical value (TG
K/∆)c ' 0.7, con-

sistent with Ref. [37] or with the value (TFW
K /2∆)c ' 1.0

in Ref. [38]. Theoretical calculations [30] predict a crit-
ical value (T th

K /∆)c ' 0.30, using the scaling formula

T th
K ' 0.28

√
UΓ exp[πε0(ε0 + U)/(2Γ)]. While we can

rescale our data to T th
K (for instance at the value at
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FIG. 3. (a) Sketch of the level structure of YSR states at
zero magnetic field (continuous lines) and finite (dashed lines)
magnetic field, in vicinity of the ground state transition. (b)
Zoom on the zero-energy crossings of the bound states disper-
sion for two magnetic field values, B = 9 and 15 mT (sym-
bols). The solid lines are a spline interpolation of the data,
from the crossing of which the value of the critical gate voltage
V c
G is determined (arrows). (c) Phase diagram of the screen-

ing transition in (VG,B) space, showing a re-entrant phase
boundary. (d) Spectroscopic analysis of the YSR states as
a function of bias and at a fixed gate voltage of VG = 0.70
V, close to the zero field critical point at V c

G = 0.71 V. By
increasing the magnetic field, a sharp kink is seen indicating
the re-entrant phase boundary at B = 12 mT.

the center of the diamond), which gives a reasonable
value (T th

K /∆)c ' 0.26, we emphasize that our device
is not strictly in the scaling regime where these predic-
tions apply quantitatively [39]. In addition, a calcula-
tion using renormalized ABS theory [40] allows us to ob-
tain a full gate-dispersion of the bound state in good
agreement with the experimental observation, see Fig. 2c
and Supplemental Material file for details. Furthermore,
the intensities of the conductance peaks, which reflect
the weigths carried by bound states, also follow the ex-
pected behaviour [30] across the ground state transition,
as shown in Fig. 2d.

Having understood in detail the zero-field properties
of the QD–S hybrid, we now move to the main result
of this work, in which we evidence the competition of
two magnetic effects on the ground state transition of
the quantum dot. A magnetic field B is expected to Zee-
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man split the two spin projections of the doublet state by
EZ = ±gµBB/2, with g the gyromagnetic factor and µB

the Bohr magneton. The effect of the Zeeman splitting
on the doublet state has been observed in superconduc-
tor - quantum dot junctions formed in semiconducting
nanowires, owing to the large g ∼ 20 in these materials
[9, 10, 17]. In these works, the sub-gap resonances are
Zeeman split at the singlet ground state phase because
two excited states are accessible. In contrast, when the
singlet is the excited state, no splitting was seen, because
the only possible transition (at low temperature T < EZ)
is from the lower energy spin-polarized state to the sin-
glet.

Beyond the mere spectroscopic effect of the Zeeman
splitting of the doublet excited state at a given dot level
depth, we now consider the magnetic field effect on the
ground state transition itself. Indeed, as one of the spin
projections of the unscreened spin state has a lower en-
ergy, the screened ground state phase space gradually
shrinks, which is translated here into a critical value of VG
moving to lower values. This is sketched in Fig. 3a and
precisely observed in Fig. 3c, where we plot the critical
gate value V c

G associated to the ground state transition
as a function of magnetic field. The latter is determined
as previously from the kink (crossing) in the YSR disper-
sion, for each applied magnetic field as shown in Fig. 3b.
For small fields B < 10 mT, there is a clear downward
trend of V c

G, indicating a Zeeman-driven reduction of the
parameter space associated to the singlet ground state.
As the magnetic field is further increased, the reduction
of the superconducting gap starts coming into play, with
a quadratic magnetic field dependence of the gap to low-
est order [41]. Intuitively, the gradual weakening of su-
perconductivity favors Kondo screening of the spin in the
dot, and thereby favors the singlet ground state, enhanc-
ing again the critical V c

G (Fig. 3c). This re-entrance of
the phase-boundary is confirmed when sweeping the mag-
netic field at a fixed gate voltage VG = 0.70 V (Fig. 3d).
The transition of the ground state parity induced near a
field of 12 mT is accompanied by an abrupt change in the
YSR spectra, which move to higher energies and acquire
a broader lineshape (see Supplemental Material file for
details).

For completeness, we finally focus on the effect of
higher temperatures for the tunnelling spectroscopies as
well as the ground state transition. First, at higher tem-
peratures, the non-zero probability of finding the dot
in its excited state allows for new conductance reso-
nances in tunneling spectroscopies emerging at |eV | =
∆probe − |EB |, which are commonly referred to as ther-
mal replicas of the YSR resonances [7, 13]. This is readily
seen as a pair of new peaks at low voltages in Fig. 4a.
The corresponding values of the bound state energy EB

can now also be deduced from the related supplemen-
tary threshold conditions, in excellent agreement with the
bound state energies deduced from the main resonances,
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FIG. 4. (a) Differential conductance of device A in the super-
conducting state at the higher temperature T = 940 mK, dis-
playing the YSR resonances and their thermal replicas (black
arrows). (b) Gate dependence of the YSR states at 940 mK, as
found from the main conductance resonances (similar data is
found from the thermal replicas). Owing to the temperature-
driven reduction of the superconducting gap ∆, the ground
state transition has moved to the larger critical gate voltage
V c
G ≈ 0.74 V at the largest measured temperature.

leading to the data shown in Fig. 4b. The singlet-doublet
transition can thus be equally observed from the thermal
replicas. Second, the thermal weakening of the super-
conducting gap provides another method for tuning the
singlet-doublet ground state transition. At T = 940 mK,
we indeed find that the transition has moved to a larger
gate value, about V c

G ' 0.74 V (or equivalently at a lower
TK than for the base temperature), in agreement with ex-
pectations. Obviously, no re-entrance is observed in the
temperature dependence of the transition.

In conclusion, we have demonstrated a magnetic field
tuning of the screening-unscreening transition of a quan-
tum dot coupled to superconductors in a transistor ge-
ometry. A novel phase diagram was established, demon-
strating that the magnetic field leads to a re-entrant
transition due to the competition between Zeeman sta-
bilisation of the lowest spin-polarised orbital and weak-
ening of the superconducting gap. A complementary
finite temperature phase diagram was drawn, that re-
flects the sole thermal weakening on the superconduct-
ing gap, while signatures of the ground state transition
were also observed in thermally excited replicas. These
results demonstrate that quantum dots constitute a rich
model system for the controlled exploration of strong cor-
relations effects in nanostructures. Further developments
will address the influence of the screening-unscreening
transition on operational properties of single electron
turnstiles [26].
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and S. De Franceschi, “Scaling of subgap excitations in a
superconductor-semiconductor nanowire quantum dot,”
Phys. Rev. B 95, 180502 (2017).

[48] D. Goldhaber-Gordon, J. Göres, M. A. Kastner,
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