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Small superconducting islands can exhibit charge quantization, where Coulomb interactions compete
with Cooper pairing. Using scanning tunneling spectroscopy, we probe this interplay by measuring the
charging energy (E.) and the pairing energy (A) of individual Pb nanoislands. Below a critical island size,
where E- > A, we observe a crossover between even and odd parity ground states. By applying controlled
voltage pulses, we continuously tune the island’s electrostatic potential and map the full charge-parity
landscape. These results demonstrate tunable superconducting ground states, offering a potential platform

for qubit design and control.
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Single-electron tunneling through a metallic nanoparticle
capacitively coupled to two electrodes involves a Coulomb
charging energy, E., determined by the capacitance of the
junctions. In sufficiently small systems, E- can exceed the
thermal energy, making it experimentally measurable [1-6].
This energy barrier gives rise to sequential electron tunneling
and underlies the operation of single-electron transistors
(SETs) [4,7]. In contrast to the repulsive nature of Coulomb
interactions, superconducting correlations introduce an
effective attractive interaction, characterized by the super-
conducting gap A, which favors the formation of a Cooper-
pair ground state [7—11]. When such correlations are present,
as in a superconducting SET, the competition between E.
and A fundamentally modifies the standard SET response to
a gate voltage, leading to a transition from single-electron to
a two-electron periodic behavior [9,12,13].

A particularly rich regime emerges when the charging
energy E. and the superconducting gap A become com-
parable and compete in setting the ground-state parity. On
one hand, pairing correlations weaken as the mean level
spacing increases [6,14]; on the other, localized Cooper
pairs remain protected by a parity gap modulated by the
combined effects of E- and A [15]. However, since both
mechanisms lead to a gap in the density of states, disen-
tangling their respective roles becomes experimentally
challenging. Resolving this competition is essential for
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understanding the breakdown of superconductivity [15]
and the emergence of insulating phases in nanoscale
systems [16,17].

Here we demonstrate full electrostatic control over the
parity of the superconducting ground state in individual Pb
islands on graphene. Using scanning tunneling spectros-
copy (STS), we access the regime where pairing and
charging energies are comparable, and show that even-
parity and odd-parity superconducting states can coexist
and be reversibly tuned via gating potentials. The super-
conducting gap increases with decreasing island size,
signaling the onset of Coulomb blockade. By tracking
the gap evolution under magnetic field, we disentangle the
contributions of pairing (A) and charging energy (E¢), and
identify a critical radius below which E- > A. In this
regime, odd-parity ground states emerge when an excess
charge of +e is added to the island. We induce such
transitions by applying voltage pulses with the STM tip,
effectively gating the islands potential as in three-terminal
geometries. These odd-parity states exhibit a characteristic
magnetic-field-induced reopening of the gap, enabling their
identification. The demonstrated control over A, E-, and
the local potential opens new routes to engineer parity-
based superconducting devices and probe the breakdown of
Cooper pairing at the nanoscale.

Description of the system—We used graphene grown on
a SiC single crystal [18,19] as a substrate, and deposited a
~1 ML amount of lead at room temperature and under
ultrahigh vacuum. Lead forms flat, threefold symmetric
islands [20-22] [Fig. 1(a)], lying in direct contact with
graphene [23,24], with effective radii re; = (area/x)!/?
from 5 nm to more than 40 nm, and heights (%) from 3
to 15 nm.

© 2025 American Physical Society
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FIG. 1. (a) STM image of Pb islands on graphene. (b) STS
on a large (ro =39.2 nm, h=4.2nm, blue) and small
(ref = 21.7 nm, h = 14.1 nm, orange) island marked in the
insets. The conductance is normalized to Gy, the normal state
conductance. A finite E causes a larger gap in the smaller island.
(c) DBTJ circuit modeling the tip-island-sample geometry.
(d) Eigenstates of the DBTJ Hamiltonian, dashed lines for
E- =0, in blue the even states and orange the odd states.
STS @ R=10M Q; STM @ V =400 mV, I = 20 pA.

At the base temperature of our STM (1.2 K [25]), islands
with r. > 30 nm show a superconducting ground state
similar to bulk lead, similar to previous works [21,22].
Differential conductance (dZ/dV) spectra on these islands
[e.g., blue curve in Fig. 1(b)] display a BCS-like gap with
symmetric coherence peaks. We use Pb-coated superconduct-
ing tips with A; ~ 1.3 meV to enhance our energy resolution.
The coherence peaks appear at A + A, ~ 2.6 meV, resulting
inaA =~ 1.3 meV fortheisland, close to the bulk value of lead
(Ap, = 1.35 meV). In contrast, smaller islands exhibit sig-
nificantly larger spectral gaps, as shown in Fig. 1(b) for an
Fegr ~ 21.7 nm island, with a gap of ~3.5 meV. The larger
gap is consistent with the existence of a charging energy E
due to Coulomb effects [26,27].

To account for Coulomb blockade effects in the elec-
tronic transport through small superconducting islands, we
use the double-barrier tunneling junction (DBTJ) model
sketched in Fig. 1(c). The Pb islands are capacitively
coupled to the superconducting tip and the proximitized
graphene sample, and their Hamiltonian contains the two
main energy scales E- and A [7,8,11,28]:

Hzﬂs+ﬁc, (1)
Hy = - (2—1)*”1& (2)
ﬁc = (2 —2q£/€) = Ec(n - 510/6)2’ (3)

where Hg accounts for the superconducting pairing, H
considers the effect of charging the island, and C = C; +
C, is the sum of tip-island and island-sample junction
capacitances. The full DBTJ model includes the tunneling
Hamiltonian from the island to the superconducting electro-
des (see Supplemental Material for additional details [29]).
The superconducting pairing term Hg adds the energy cost
of a quasiparticle excitation A only for an odd number of
electrons in the island [12,13,44-46]. In STM C; < C,,
[24,47,48], therefore the charging energy E. ~ e%/2C,
depends mainly on the island-substrate capacitance. The
magnitude of E is generally negligible for large islands,
but becomes sizable as C, decreases for small islands. In
this case, changes of the integer charge in the island 7 upon
electron transfer have an energy cost E. This value can be
tuned by an electrostatic gate potential V, represented in
Eq. (3) as a residual (fractional) charge g, = V;Cq [8].

The eigenvalues of Eq. (1) in Fig. 1(d) describe parabolic
bands E,(qy) shifted in g, by one elementary charge e.
Superconducting pairing raises the parabolas for odd
charge states (orange) by A relative to even ones (blue).
At gy = 0, exciting a quasiparticle in the island requires
both the pairing energy A and the charging energy E, so
the spectral gap reflects their combined effect [16]. As both
depend on island size, separating their contributions is
nontrivial.
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FIG. 2. (a) Evolution of the spectral gap with an out-of-plane

magnetic field on a re; = 15.9 nm, 7 = 15.5 nm island. The
dashed line marks the d//dV spectrum of the bare Coulomb gap
in the inset. (b) Gap values (blue dots) extracted by DBT]J fits to
panel (a); the orange curve results from the model in Supple-
mental Material [29] that captures the sequential closing of the tip
and sample gaps, yielding E. at high fields. (c) Extracted values
of A and E. as a function of island size, with crossing at
r. ~ 12 nm. (d) DBTJ eigenstates for E- > A and E- < A as a
funcion of the residual charge g,. For E- > A (ry < 12 nm), an
odd parity ground state (GS) emerges around ¢, ~ *e.
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We address this by applying an external magnetic field B
and monitoring the evolution of the superconducting gap. As
shown in Fig. 2(a) for an island with effective radius
roif = 15.9 nm, both the tip and island superconducting
gaps gradually close with increasing B, while E. remains
field-independent. The extracted gap and the theoretical fit
appear in Fig. 2(b) (details of the fit in Supplemental
Material [29]). Starting from a zero-field gap of 2.6 mV,
the tip gap (A,) closes first at a critical field of Be” ~ 0.8 T
(verified by measurements on bulk-like islands), followed by
the island gap (A) at B4 ~ 1.5 T (details in Supplemental
Material [29]). Thus, the remaining gap observed at higher
fields [inset of Fig. 2(a)] corresponds exclusively to the
charging energy E. [49].

To reveal the size dependence of E- and A, we applied
this procedure to 18 islands with 7. from 10 nm to 35 nm.
As shown in Fig. 2(c), E is negligible for large islands but
increases significantly with decreasing island size. This
dependence originates from the capacitance of the island-
graphene interface, specifically C, « rgff.

In contrast, the superconducting gap (A) of the islands
decreases as the island size shrinks, reflecting weakened
superconducting correlations due to the increasing mean
level separation (0) arising from confinement [27] (more
details about 6 in Supplemental Material [29]). The plot in
Fig. 2(c) outline a transition to a regime where the charging
energy exceeds A for island sizes below the critical radius
r. ~ 12 nm. In this regime, ground states with odd electron
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number (one extra quasiparticle) become accessible for an
excess charge close to g, = e in the island, as depicted in
the DBTJ model of Fig. 2(d) [4,44].

Locally gating the Pb islands with voltage pulses—In
contrast to typical particle-hole symmetric spectra of
superconductors, islands with effective radius r. g <
25 nm frequently exhibit coherence d//dV peaks with
bias-asymmetric positions and intensities [e.g., as in the
spectrum of Fig. 3(a)]. Such asymmetric spectra originate
from a finite electrostatic gate potential V ;, which enters as
a nonzero fractional residual charge ¢, in the DBTJ model
of Eq. (3) [5]. As shown in the diagram of Fig 3(b), in the
presence of Coulomb effects, deviations from the sym-
metric case (qo = 0) lead to unequal energy costs for
adding (A7 = +1), excitation labeled @, or removing an
electron (A7i = —1), excitation labeled —a. This imbalance
shifts the coherence peaks depending on the bias polarity,
revealing built-in electrostatic potentials at the island—
graphene interface.

Controllably gating surface-supported objects has long
been a challenge in STM experiments [50]. In the
Pb/graphene system, we could controllably modify the
excess charge ¢, of small islands by applying controlled
bias pulses with the STM tip [51]. As shown in Fig. 3(a)
(upper panel), repeated bias pulses at increasing voltage
amplitude, spanning in the range from 3 V to —3 V, induce
reproducible changes in the spectral shape, associated to
gradual variations of the residual charge g, by more than
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(a) (bottom) Differential conductance on a Pb island with r. = 26.8 nm, & = 14.3 nm, and g, ~ 0.75¢. We label « the

dominant resonances occurring at asymmetric energy positions. (top) Excess charge dependence map of the island, obtained by
consecutive bias pulsing. Each d//dV spectrum is measured after a bias pulse between 1 and 3V with feedback off at I = 500 pA,
measuring transient currents of up to 100 nA. (b) (bottom) Eigenstates of the DBTJ Hamiltonian depending on the electron number 71
and on the excess charge g,. Around g, = 0, we indicate with vertical arrows the transitions ta visible in the d//dV of panel (a). Close
to g, = —e, the ground state population is a mixture of i = 0, —2 and the +/ transitions become possible. (top) Calculated d7/dV with
the DBTJ model as a function of the excess charge, g,, with parameters: A = A, =135mV,I' =T, =80uV, C; %0, C, = 480 aF,
R, = 1000 * R,, T=1.3 K. Two regions are highlighted to compare with the corresponding experimental maps. (c) (bottom) Differential
conductance on a Pb island with r.; = 15 nm, 2 = 4.1 nm, at g, ~ ¢, showing symmetric excitations labeled @ and f. (top) Excess
charge dependence map of the island around the point g, ~ ¢ acquired similarly to the one in panel (a).
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one electron charge (see Supplemental Material for details
[29]). Using this gating method, we acquired gate-
dependent spectral maps covering different regions of
accumulated charge in the islands. The spectral map in
Fig. 3(a) shows coherence peaks of a small island shifting
markedly after pulses, with unmodified superconducting
gap width. This proves that the island’s spectral asymmetry
arises from a net local gating ¢, which is modified after
each voltage pulse in the window ~ =+ e.

The spectral map in Fig. 3(c), showing four d//dV peaks
with varying intensity and position, indicates that the island
is near an odd value of residual charge. This behavior is
well captured by the DBTJ model in Fig. 3(b), which
predicts a degeneracy of the 7 =0 and 72 = —2 ground
states at g, = —e, as well as particle-hole symmetric
excitations to the 7 = —1 and the 7 = —3 states. From
the 7 = —2 ground state, an additional electron (hole)
excitation labeled ff to i = —1 (or —f to i = —3) becomes
now accessible, accounting for a second pair of excitation
peaks close to g = —e. The simultaneous observation of a
and f coherence peaks with gradually changing amplitude
around the crossing of the degeneracy point is attributed to
thermal population of both even-parity ground states (see
Supplemental Material [29]). This agreement enables a
direct and accurate determination of odd residual charge
states in islands and confirms the persistence of their paired
ground states for sizes above the critical effective radius r,.

Local mapping of the ground state charge—As it has
been previously shown [21], lead islands can be reposi-
tioned around the graphene surface through lateral manipu-
lation with the STM tip. After their movement, we often
observe changes or even reversals of spectral asymmetry
(see Supplemental Material [29]), likely due to localized
charges or built-in potential gradients in the substrate
[50,51]. This suggests that the island’s residual charge is
sensitive to variations of the electrostatic landscape of the
surface and could be used as a sensor for point charges.

Figure 4 illustrates this concept for a r.; ~21.2 nm
island with ground state at the transition between 71 = 0 and
n = =2, as determined by its spectrum in Fig. 4(b). Two
dI/dV peaks at positive and negative bias are consistent
with a residual charge of g, ~ —e. However, as shown in
the spectral profile in Fig. 4(c), the intensity (and, weakly,
the alignment) of the four peaks changes with the position
along the center of the island. This evolution resemble the
spectral changes with g, shown in Fig. 3(c), thus sug-
gesting an inhomogeneous electrostatic potential at the
island-graphene interface.

To map the potential landscape, we measured the spatial
distribution of the four spectral peaks +a and 4/ across the
island using a grid of STS measurements [within the dashed
triangle in Fig. 4(a)]. The radial distribution of peak
amplitudes shown in Fig. 4(d) suggests the presence of a
point charge near one of the island’s corners. The f
transitions, representing excitations from the ground state
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FIG. 4. (a) Topographic image of an island with ryy =
21.2 nm, h = 17.7 nm. (b) Measured dI/dV spectrum on the
island with the symmetric resonance labeled +a and =+f
indicating gy ~ e. (c) Spatial dependence of the LDOS along
the black dashed line in panel (a). (d) Constant energy cuts at +a
and =/ of a spectral grid acquired over a triangular region on the
island in panel (a). The radial dashed line indicates the shape of
the charge puddle induced in graphene, which modulates locally
the excess charge.

with a Cooper pair less (—2¢ - —e and —2e — —3e), are
strongest toward the upper right corner and fade toward the
center. In contrast, +a peaks, corresponding to the 0 — e
and 0 — —e transitions, are more intense near the left
edge. The predominance of the ¢ = —2¢ ground state
(£f excitations) in the right corner likely results from
the localization of a negative point charge in this region.
Such static charge puddles are common in graphene on
insulating substrates and can be created, neutralized, or
reversed by applying STM voltage pulses [50]. Here, their
field acts as a local gate, tuning the island’s residual charge.

The doubly peaked gapped spectrum is a hallmark of the
persistence of a superconducting (paired) ground state in
small islands with electrostatic potentials near the gy = e
point. As shown in the DBTJ simulations in Figs. 5(a) and
5(b), the separation between the two excitations increases
with E, i.e., inversely with island size, and the outer peak
disappears at the crossing E- = A. This marks the tran-
sition to an odd-parity ground state for g, = e, charac-
terized by a single gap of width E- — A. In this regime, the
remanent electron pairing partially compensates for
Coulomb correlations. A distinctive behavior of such
odd-parity state is the evolution of its gap with magnetic
field H [52]. As superconductivity is suppressed, the gap
widens until the bare Coulomb blockade gap emerges [right
side of Fig. 5(b)].

This peculiar behavior is demonstrated in Figs. 5(c) and
5(d) for an island with r.; = 9.5 nm, smaller than the
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FIG. 5. (a) Calculated LDOS map varying the excess charge.
The even parity ground state region with E~ < A is separated by
a dashed line from the odd parity ground state region with
E-> A. (parameters: A =0.65 mV, A, =135 mV,
I'=TI,=180 uV, C; =0, C, from 1600 aF to 26 aF,
R, =1000%R,, T = 1.3 K) (b) Ground and excited states
increase the charging energy. In the right part of the scheme,
we sketch the effect of the magnetic field, which, in an odd parity
ground state, opens the energy gap. (c) Spectrum on a island with
Fegf = 9.5 nm, h = 2.7 nm, with gap ~3.8 mV. (d) Magnetic
field dependence of the LDOS measured on the same island. The
orange dots are fits of the gap magnitude, which initially
decreases, due to the closing of A, and increases at higher fields,
indicating an odd parity ground state. The asymmetric opening is
due to a slight shift from the g, = +e point.

critical radius r,. ~ 12nm from Fig. 2(c), and spectral gap
of 3.8 mV, consistent with E- > A. This island could lie
near either gy = 0 or gy = e, corresponding to an even or
odd ground state, respectively, as shown in Fig. 2(d).
Figure 5(d) demonstrates that this island lies, in fact, in
an odd charge ground state by plotting the evolution of the
spectral gap with B. The gap closes initially with B due to
the suppression of the tip’s superconductivity, whereas the
subsequent reopening at higher fields demonstrates
the reappearance of the larger Coulomb blockade gap as
the island’s superconductivity is quenched. This is the
signature of an odd parity ground state stabilized in the
island within a range of ¢{% =1 — A/Ec around g, * e,
as shown in Fig. 2(d). In contrast, for larger islands [e.g.,
Fig. 2(b)] the gap remains constant with field, as E- < A
and go = 0, which stabilizes an even ground state.
Conclusions—In summary, we have shown that super-
conducting correlations compete with Coulomb blockade
in lead islands with radius amounting to tens of nano-
meters. This interplay of interactions is detected as wider
gaps in the density of states measured with scanning
tunneling spectroscopy. We used a magnetic field to
disentangle the different roles of electronic pairing and
Coulomb effects in the gap and found a critical effective

radius amounting to 12 nm below which Coulomb block-
ade dominates and even-odd parity ground states coexist
and can be tuned with electrostatic gating. In our work, we
spanned a wide range of Coulomb blockade and super-
conducting pairing interactions controlled by the size of the
particle, and tuned gating potential by applying voltage
pulses. This allowed us to provide a convincing picture of
the dominant role of Coulomb blockade in the destruction
of superconductivity in small clusters. In combination with
DBTJ model, we show that smaller clusters can stabilize
odd-charge-parity superconducting ground states. The
tunability of this versatile platform is ideal for exploring
the design principles of z-junction superconducting devi-
ces, with a promising role in the realization of topological
qubits [44,53-55].
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